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GENERAL INTRODUCTION 
At the time of fertilization and before the sperm and egg 
nuclei unite to begin the development of a new individual, a series 
of events occur. In the vast majority of species, these include 
sperm motility, sperm-egg attachment, the sperm acrosome reaction, 
and the egg cortical response. With the possible exception of the 
egg cortical response, If any of these events is blocked, fertil-
ization cannot occur. Motility is required for spermatozoa to 
approach the egg, the acrosome reaction is necessary for the 
spermatozoa to penetrate investments around the egg, attachment 
Is required before sperm-egg fusion can occur, and the egg 
cortical response occurs immediately after the sperm contacts 
the egg and usually plays a role in prevention of polyspermy 
penetration. 
A major long-term contribution of research in this area is to 
aid In the development of better birth control methods. Inverte-
brate model systems can often be utilized to examine biological 
processes (e.g., fertilization) where basic mechanisms are more easily 
elucidated. Then knowledge obtained from the model system can be 
applied to manipulate processes in species where direct practical 
benefits (e.g., birth control) are desired. As will be discussed later 
(especially In Chapters 1 and 2), Limulus possesses several character-
istics that are ideal for a model system to examine fertilization 
mechanisms. 
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This dissertation research utilizes the horseshoe crab, 
Limulus polyphemus to examine some aspects of three of the four 
events of fertilization previously mentioned (sperm-egg attach-
ment is excluded). Chapter 1 examines sperm motility initiation 
~vivo (near eggs) and in vitro (utilizing egg extracts) and 
describes a sperm motility assay system that is used in Chapters 
1-3. Chapter 2 examines some characteristics of a specific sperm 
motility Initiating factor (SMI) that diffuses from the egg. 
Chapter 3 examines the involvement of several inorganic cations in 
Initiation of sperm motility and the acrosome reaction. Finally, 
in Chapter 4, surface anatomical events of the egg cortical reaction 
are described. 
Explanation of Dissertation Format 
The chapters of this dissertation are slightly modified manu-
scripts that have been or will be submitted to the journal, 
Developmental Biology. Therefore, the style utilized is that required 
by this journal. Departures from this style (required by the ISU 
Thesis Office) include: 1) chapter designations are used for cross 
references between manuscripts and 2) tables and figures are 
Inserted In the text where they are cited, instead of at the end of 
each manuscript. Each manuscript (chapter) has its own Introduction, 
materials and methods, results, discussion, and reference sections. 
Following the manuscripts is a summary-discussion of the entire 
dissertation. 
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With three exceptions, the candidate conducted all of the 
research presented in this dissertation. These exceptions constitute 
less than 10% of the total dissertation and include: 1) the photo-
graph of the halo region (Fig. la) in Chapter 1, 2) the fertilizing 
ability comparison of spermatozoa from different males mentioned 
In Chapter 2, and 3) the plate (Fig. 1) of light microscopic 
photographs of the egg cortical reaction in Chapter 4. 
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CHAPTER 1. SPERM MOTILITY I. SPERM BEHAVIOR NEAR EGGS 
AND MOTILITY INITIATION BY EGG EXTRACTS 
5 
INTRODUCTION 
In the sequence of fertilization reactions sperm motility is one 
of the first responses. Although the molecular structure of the motile 
organelle is wel 1-establ ished (review by Satir, 1974), much is known 
about the mechanism of movement at the flagellar level (reviews by 
Brokaw and Gibbons, 1975; Mitchel 1 et al., 1976), and numerous studies 
have examined extracellular and intracellular factors that maintain or 
alter motility that is already initiated, the physiology of initiation 
has received slight attention. Thus, a system in which sperm motility 
initiation can be readily examined would be very useful. 
Limulus polyphemus possesses several characteristics which are 
ideal for such a system. Besides the species being readily available 
and easy to maintain in the laboratory, large quantities of gametes can 
be obtained year around. The Limulus sperm has been characterized as 
primitive (~fzelius, 1972) and may therefore possess a system of 
motility control that is basic to more specialized spermatozoa of other 
species. Most pertinent to the present study, however, the spermatozoa 
are nonmotlle when spawned and J..!!. vivo become motile only in close 
proxi mity to the egg (Brown, 1976). Previous reports have indicated 
that sperm motility in Li mulus could be initiated with various egg 
extracts (Shoger and Bishop, 1967; Bishop and Nidek, 1977), but these 
studies did not provide adequate characterization of the system to 
serve as a basis for detailed studies. 
The present study describes an in v itro system in which egg 
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extracts containing the natural sperm motility initiating factor 
(SMI) are utilized to initiate motility . First, sperm motility 
thus initiated is compared to motility~ vivo; then, using the 
~vitro system the effects of several assay parameters (concen-
tration of SMI, temperature, pH and salinity) on sperm motility 
initiation are examined. A second paper examines some molecular 
characteristics of the SMI, and reports evidence that SMI is a 
small organic molecule, thus disagreeing with the study by Bishop 
and Nidek (1977) that sperm motility initiation in Limulus is 
caused by magnesium-dependent copper activation. Future studies 
wi 11 characterize the SMI and examine intracellular events of 
sperm motility control in Limulus. 
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MATERIALS AND METHODS 
Source of Animals 
Specimens of Limulus polyphemus .!:.· were obtained from Florida 
Marine Biological Specimen Co., Inc., Panama City, Florida, 
maintained at 15°C in 150-gallon Instant Ocean Aquaria (containing 
Instant Ocean artificial sea water obtained from Aquarium Systems, 
Inc., Eastlake, Ohio) and exposed to a light cycle of approximately 
14-10 LO. 
Sea Water Used for Experimental Procedures 
MBL Formula artificial sea water, ASW, (Cavanaugh, 1975) was 
used as the basic medium for all experimental procedures. Unless 
otherwise noted, this ASW was composed of 423 mM NaCl, 9 . 00 mM 
KCl, 9.27 mM CaC1 2 , 22.94 mM MgC1 2 , 25.50 mM MgS04 and 2. 15 mM NaHC0 3. 
At room temperature (21-23°C), this formulation had a pH of 7 . 9 ± 
0. 1 and an osmotic pressure of 918 mOsm. To examine the effect of 
high ASW concentrations on sperm motility initiation, a stock 
solution of double strength ASW (2X-ASW) was prepared by doubling 
the concentrations of the aforementioned ingredients. Then, 2X-ASW 
was di luted with ASW to give high ASW concentrations, and ASW 
was mixed with distilled deionized water (ddH2o) to produce 
appropriate low ASW concentrations. For experiments in which pH was 
varied, ASW was adjusted to the desired pH with 0.1 or 1.0 H 
HCl or NaOH as required. 
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Gamete Collection 
Gametes were collected by brief electrical stimulation (1-1.5 
V, 1.5-2.5 A, ac) of the gonoducts proxi mal to the genical pores. 
By this method 0. 1-1.0 ml semen was obtained from each male and 
0.5-5.0 ml eggs were obtained from each female. Gametes were 
collected from each animal 2-3 times a week for several months. 
Semen was immediately diluted with ASW to a 10% sperm suspension 
(109 spermatozoa/ml) and stored at room temperature. Further 
dilutions were made as required and all sperm suspensions were 
used within 6 hr of collection. Usually, no sperm motility was 
observed during these dilutions even when semen was diluted to a 
0.0001 % sperm suspension. In the few instances where motility 
initiation did occur, less than 5% motility was observed and the 
duration was less than 1 min. This brief motility did not affect 
later motility initiation during experimental procedures. Eggs 
were collected "dry" (without adding ASW) and used within 15 min 
either to prepare egg extracts or to observe sperm motility in the 
presence of eggs. 
Sperm Motility Near Intact Eggs 
At room temperature and utilizing a phase-contrast microscope 
( lOOX), sperm motility was observed near intact eggs in the 
following manner. A freshly collected egg was placed on a 
depression microscope slide and covered with a coverslip supported 
by clay feet. A 0.5% sperm suspension was added, and sperm 
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behavior was observed. Under such conditions nearly all {greater 
than 95%) of the spermatozoa close to the egg became motile and 
either swam to the egg and attached or swam away from the egg and 
became nonmotile again. Thus, around each egg, a uniform layer 
formed that contained a very low density of spermatozoa (nearly 
all of which were motile). The striking visual contrast of this 
well-defined layer near the egg (Fig. 1) had previously led 
to its designation as the "halo region" (Brown, 1976). 
Measurements of the width of the halo region (the distance 
from the egg at which sperm motility initiation occurred) were 
made periodically from 30 sec to 20 min after the addition of the 
sperm suspension to the egg. For these measurements , two eggs from 
each of four different females were used to establish eight 
separate observations. The sperm suspension used was prepared from 
semen pooled from three different males . 
Preparation of Sperm Motility Initiating (SMI) Extracts 
SMI extracts were prepared by gently washing freshly collected 
(less than 5 min from spawning) eggs with ddH20: For each batch 
of SMI extract prepared, 1000-2000 eggs were used, and the wash 
procedure was conducted in two stages to maximize recovery of SMI. 
First, the eggs were washed with 10 ml of ddH20 per 1000 eggs 
(10 µl/egg) for 1 min. The supernatant was decanted from the 
eggs and saved as the first wash. Secondly, the same eggs were 
washed an additional 10 min utilizing four successive aliquots 
Figure 1. Sperm behavior near eggs of Limulus. The region of low 
sperm density near the egg (halo region) is due to 
spermatozoa that have become motile and either swam to the 
egg and attached or swam away from the egg. (a) Photograph 
of halo region in which spermatozoa are too small to be 
resolved individually. 25X. (b) Diagram of halo region 
with spermatozoa and halo region enlarged for illustrative 
purposes. Spermatozoa with straight or nearly straight 
tails represent nonmotile spermatozoa, while those with 
undulating tails represent motile spermatozoa. 
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of 2.5 ml ddH20 per 1000 eggs and 2.5 min of washing per aliquot. 
Each of these four aliquots was decanted and then the four 
aliquots were pooled and designated as the second wash. Totally, 
each batch of eggs was washed II min with 20 ml ddH20 per 1000 
eggs. Each wash (first and second) was then centrifuged at 
12, 100 xg (3 °C) for 30 min; the supernatant was decanted, lyo-
phi l ized to dryness, and stored at -20°C until used. Since 
initial experiments had found that extracts produced by both the 
1 min and the JO min washes contained high levels of SMI activity, 
these extracts were pooled for all experiments in this paper. 
Unless otherwise stated, these pooled extracts were redissolved 
in 10 ml ASW per 1000 eggs washed to produce the SMI extract. 
In summary, 20 ml ddH20 per 1000 eggs was used to produce the 
extracts and 10 ml ASW per 1000 eggs was used to redissolve the 
pooled extracts after lyophilization. This redissolved SMI 
extract is designated a 50% SMI extract, for reasons that will 
be discussed in the Results section. 
Assay for SMI Activity of Extracts 
Except for experi ments in which ASW concentration was varied, 
SMI activity was assayed by adding 0.5-1.5 ml of a 1% sperm 
suspension to an equal volume of SMI extract in a test tube, thus 
producing a final sperm suspension concentration of 0.5% in the 
assay mixture. This mixture was mixed well, two drops were 
placed on a glass microscope sl i de (on a Wild MS stereo-microscope, 
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SOX), and percent of sperm motility was estimated periodically 
from 15 sec to 8 min after addition of the sperm suspension. 
Sperm Motility Versus SMI Extract Concentration 
Two hundred percent SMI extracts were prepared by dissolving 
dried SMI extracts in 2.5 ml ASW per 1000 eggs washed to produce 
the extract. By mixing equal volumes of this 200% SMI extract 
with a 1% sperm suspension, a 100% SMI extract concentration in 
the assay mixture was obtained. Serial dilutions of the 200% 
SMI extracts produced extracts of 100, 50, 25, 12 and 6%. After 
mixing these extracts with equal volumes of 1% sperm suspensions, 
final SMI extract concentrations of 50, 25, 12, 6 and 3% respectively 
were obtained. Following evaluation of sperm motility at each 
of these SMI concentrations, a 25% SMI extract concentration (after 
mixing with sperm suspension) was considered to be sufficient 
to produce a reproducible motility response and was used for all 
other experiments in this paper. 
Sperm Motility Versus Temperature 
Sperm motility initiation at 5-25°C was determined (utilizing 
the assay for SMI activity of extracts as described above) in 
rooms adjusted to the experimental temperatures. For experiments 
at 30-40°C, solutions were equilibrated in a water bath before 
mixing and motility was observed on a temperature regulated 
microscope stage. All experiments were completed by 3 hr from 
semen collection. 
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Sperm Motility Versus ASW Concentration 
For experiments in which ASW concentration was varied, sperm 
motility was assayed as previously described, except that l ml of 
a 2% sperm suspension was added to 3 ml of a 33% SMI extract 
dissolved in ddH2o or in various ASW concentrations (ranging from 
33% to 200% ASW). Thus, the final concentrations of sperm 
suspension and SMI extract, 0.5% and 25% respectively, are the 
same as in the other experiments. However, with this ratio of 
mixing, ASW concentrations of higher and lower percentages can be 
tested than if equal volumes of sperm and SMI extract were mixed . 
The final ASW concentrations of the sperm suspension plus SMl-
extract mixture was determined by measuring osmolality, mOsm, 
(with a Model 3L Advanced Instruments Inc. Osmometer) after the 
8 min period of motility observations. 
Sperm Motility Versus pH 
For experiments in which pH was varied, 1.5 ml of 1% sperm 
suspension was added to 1.5 ml of SMI extract (that had been 
adjusted to acidic or basic pH's as required). Sperm motility 
was assayed as described before and the pH of the spermatozoa 
plus extract mixture was determined after the 8 min of motility 
observations. 
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RESULTS 
Sperm Motility Near Intact Eggs 
When a sperm suspension was added to an egg, spermatozoa were 
observed to become motile only in the halo region. No evidence of 
chemotaxis was observed, since each sperm swam in the direction it 
was facing when motility was initiated. Spermatozoa swimming away 
from the egg became nonmotile within 10 sec after leaving the halo 
region, while most spermatozoa swimming towards the egg attached 
within 5 sec of motility initiation. 
By 30 sec after insemination (the time at which a sperm suspension 
was added to an egg), numerous spermatozoa had attached to the egg 
surface and most spermatozoa (> 95%) observed within 70 µm of the egg 
were motile (Fig. 2). During the 10-12 min following insemination, 
the halo region progressively enlarged {spermatozoa farther from the 
egg were becoming motile), but then at 10-12 min, the halo region 
stopped enlarging and the outer boundary became less distinct. These 
observations indicate that SMI definitely diffuses from the egg with 
the rate of diffusion beginning to decrease after 10-12 min. As a 
result, 11 min was selected as the time duration for washing eggs to 
produce SHI extracts. The volume of the halo region at 11 min was 
calculated to be 3.60 ± 1.66 µl, n = 8. For each of the 8 sets of halo 
region observations, the egg diameter and halo width were measured at 
10 and 12 min, determinations at these t wo ti mes were averaged to 
obtain their respective sizes at 11 min, and the halo volume was 
16 
Fig. 2. Formation of the halo region. Sperm suspensions (0.5%) 
were added to freshly collected eggs, and the distance from 
the egg at which spermatozoa became motile was measured. 
The number of determinations and standard deviation for 
each point are indicated. 
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calculated. At 11 min, the average diameter for an egg was 1.88 mm, 
and the average width of a halo region was 0.251 mm. In two trials of 
a control where eggs were washed 11 min in ASW before a sperm suspen-
sion was added, the halo region reached an average maximum width of 
90 µm at 2-3 min and then decreased in size. Therefore, SMI that 
contributes to the halo region is removed by washing and does not 
require the presence of sperm for its release. 
Sperm Motility Versus SMI Extract Concentration 
The 100% SMI extract concentration (obtained after mixing the 
200% SMI extract with an equal volume of 1% sperm suspension) approxi-
mates the normal SMI concentration found in the egg halo region at 11 
min after insemination. To produce the 100% SMI extract concentration, 
the lyophilized SMI extract is first redissolved in 2.5 µl ASW per egg 
washed to produce the extract and then diluted to 5 µ ASW (per egg} by 
mixing with an equal volume of sperm suspension. Since the halo 
volume average was determined to be 3.6 µI, the concentration of SMI in 
the halo region would be equivalent to 140% SMI extract concentration, 
if the procedure used to produce the SHI extracts quantitatively 
recovers the activity that would normally contribute to the halo 
region. However, some SHI is surely washed away from each egg when 
sperm suspensions are added, therefore reducing the amount of SHI 
that would contribute to formation of the halo region. Thus, the SHI 
concentration in the halo region is probably closer to 100% extract 
concentration than to 140%. Therefore, considering the additional 
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assumption that SHI concentration in the halo region is distributed 
uniformly, spermatozoa both in the egg halo region and in the 100% 
SHI extracts probably encounter comparable SHI concentrations . 
In using SHI extracts and in observing the halo region, 
initiation of sperm motility was an "all-or-nothing" response. 
Each sperm, once initiated, swam at a uniform speed and varied 
only in the duration, depending on the SHI extract concentration. 
At SMI extract concentrations of 12-100%, essentially 100% 
sperm motility (< 1% of the spermatozoa observed were nonmotile) 
was observed at 15 sec after addition of SHI (Fig. 3). A 6% 
SMI extract produced 1 ittle motility at 15 sec (< 15%) and 3% 
extracts showed no sperm motility initiation. Duration of sperm 
motility, however, showed a more complex response to alterations 
in SHI concentration. With 100% or 50% SHI extracts, 100% 
sperm motility occurred for min (Fig. 3) and then rapidly 
decreased to less than 10% at 5 min, and the last spermatozoa 
stopped motility at about 8 min. With 25% and 12% SHI extracts, 
percent sperm motility declined after 15 sec (Fig. 3) but did not 
completely cease until 6-8 min. From these sperm motility 
responses to SMI extracts of varying concentrations, a SMI extract 
concentration of 25% was chosen for the experi ments to follow. 
This is above the mini mum extract concentration that produced 
100% motility at 15 sec, and allowed greater conservation of 
e tracts than if 100% extracts were utilized. 
Fig. J. Sperm motility as a function of sperm motility Initiator 
(SMI) concentration. Percent motility was determined at 
time intervals starting 15 sec after mixing sperm suspen-
sions with SMI extracts. One hundred percent extracts con-
tain approximately the halo region concentration of SMI. 
Each data point is the average of three determinations. 
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One other observation concerning motility initiation by 
varying concentrations of extracts was that sperm suspensions 1n 
which motility has ceased following addition of low concentration 
SMI extracts, could have motility reinitiated by addition of a 
new aliquot of the same concentration of SHI extract. In 
triplicate determinations of this experiment, the percent motility 
upon reinitiation was greatest with 12% extracts (100%) and 
progressively less with higher concentration extracts . Thus, 25, 
50 and 100% SMI extracts showed means of 70, 11 and 3% reinitiation 
respectively. 
To examine whether cessation of sperm motility is due to 
inactivation of spermatozoa or to removal of or alteration of SMI 
in the medium, another approach to the reinitiation experiment was 
utilized. After cessation of motility following initiation in 
100% and 12% SMI extracts, the spermatozoa were removed by 
centrifugation (200 xg, 15 min). Then, when a fresh sperm 
suspension was mixed with the supernatant from the 100% SMI 
sperm mixture, 100% motility was initiated. When the sperm 
pellet was resuspended in ASW to a 1% sperm suspension and mixed 
with an equal volume of fresh 200% SMI extract (to produce a final 
concentration of 100% SMI ) , zero motility was observed. Therefore, 
cessation of sperm motility in 100% SMI extracts was due to 
irreversible inactivation of the spermatozoa, and active SMI 
remained in the medium. Repeat i ng the same experiment with 12% 
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extracts, no SMI activity remained in the supernatant, and the 
spermatozoa from the pellet were reactivated to 100% motility by 
fresh 12% extract. Thus, in 12% SMI extracts, motility cessation 
was not due to irreversible inactivation of the spermatozoa. 
Animal Variability in Duration of the Sperm Motility Response 
In examining sperm motility from twenty males, the duration 
was found to be variable between individuals but very consistent 
between sperm samples from the same individual. The variation 
observed between individuals is represented by three types of males, 
designated as animals A, B, and C (Figure 4). Most males observed 
(90%) produced spermatozoa with motility duration similar to that 
exhibited by animals A and B (100% motility at 15 sec, 50% 
motility between 3/4 and 1 1/2 min, and 10% motility by 4-6 min). 
Animal C (10%) spermatozoa exhibited a very short duration of 
motility. As a result sperm samples from all males were assayed 
for duration of motility, and animals producing sperm motility 
duration simi Jar to Animal C (less than 100% motility at 15 sec) 
were not utilized for experimental procedures. Since most 
spermatozoa are motile less than 5 sec prior to attachment to an 
egg, the duration of motility beyond 5 sec would seem to have 
little biological significance. In fact, the three males used 
for Figure 4 showed simi Jar abilities to fertilize eggs (as 
indicated by percent of developing embryos at the blastula stage}. 
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Fig. 4. Variation in duration of motility by spermatozoa from 
different males. These three animals illustrate the range 
of variation observed, with 90% of all males tested being 
similar to A or B, and only 10% showing the short duration 
exhibited by C. For animals A and B, each point Is the 
average of three determinations; for animal C, each point 
is the average of five determinations. 
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Motility Versus Temperature 
In the temperature related experiments, the percent of sperm 
motility initiation and the intensity of motility (amplitude of 
flagella movement and rate of forward progression) were observed 
between 5 and 40°C. One hundred percent sperm motility was 
observed from J6-30°C, indicating that sperm motility initiation 
was temperature independent in this range (Fig. 5). 0 Below 16 C 
and above 30°C a decline in percent of motility was observed, 
although with the higher temperatures the decline was gradual. 
The onset of maximum percent motility (following mixing of 
spermatozoa and SMI) was delayed at lower temperatures. Whereas 
maximum motility was attained by 15 sec at high temperatures, at 
10 and 5°C maximum motility occurred at about 35 and 60 sec 
respectively. 
Intensity of sperm motility was unchanged in spermatozoa 
observed in the range 16-40°C (at least, differences were not 
obvious). Intensity of sperm moti 1 ity was noticeably decreased 
at 10°C and very low at 5°C. 
Motility Versus Concentration of ASW and pH 
Sperm motility initiation is independent of ASW concentration 
from 85-125% (800-1150 mOsm) and gradually decreases to zero at 
25 and 175% (260 and 1700 mOs m respectively) (Fi~ 6). Controls 
in which ASW concentration was varied without SMI being present 
produced no sperm motility. 
Fig. 5. Optimum temperatures for sperm motility initiation. From 
16-4o0 c, sperm motility was determined at 15 sec after 
mixing spermatozoa and SHI. However, since onset of 
motility was greatly delayed at 10 and s0 c (maximum 
motility occurred at about 35 and 60 sec respectively), for 
these two temperatures maximum motility was plotted instead 
of motility at 15 sec. Plotted points without an adjacent 
number represent single determinations; points next to a 
number represent multiple determinations. 
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Fig. 6. Optimum artificial sea water (ASW) concentration for sperm 
motility initiation. The upper scale on the abscissa is the 
percent ASW in which the spermatozoa and SMI extract are 
suspended (normal ASW = 100%). The lower scale is the 
mllllosmolality of the spermatozoa plus SMI extract after 
mixing. Plotted points without an adjacent number represent 
single determinations; points next to a number represent 
multiple determinations. Percent sperm motility was 
determined at 15 sec after mixing spermatozoa and SMI. 
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Motility Initiation is independent of pH from 6.3 to 8.6 
(Fig. 7) and decreases to zero at pH 1 s 5.2 and 9.5. Controls in 
which the pH of ASW was altered without the presence of SMI produced 
a maximum of 5% motility at pH 8.5 and no motility below 8.0 
or above 9.0. 
Fig. ]. Optimum pH for sperm motility initiation. pH was measured 
after spermatozoa and SMl were mixed. Percent sperm 
motility was determined at 15 sec after mixing spermatozoa 
and SMI. 
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DISCUSSION 
In this study, sperm motility in Limulus exhibits several 
favorable characteristics as a model system for examination of 
sperm motility initiation: I) observations of initiation can be 
made under nearly normal conditions, 2) motility initiation is less 
complicated (an "all-or-nothing" response to a specific motility 
initiator) than in most other animals, 3) extracts containing high 
levels of SMI activity can be easily obtained, 4) the~ vitro 
motility assay characterized in this paper is unaffected by broad 
fluctuations in several experimental variables, and 5) a simple 
defined medium is used at room temperature. Finally, a mechanism 
of SMI action can be offered. 
Determination of~ vivo conditions that lead to motility 
initiation is much easier in Limulus and sea urchins than in 
mammals. (Currently, sea urchins and mammals are the two animal 
groups receiving most emphasis in sperm motility research.) In 
Limulus, motility initiation occurs near the egg (in the halo 
region), and by utilizing procedures described in this paper, 
extracts can be prepared that approximate the~ vivo environment 
for motility initiation. In sea urchins, motility initiation 
occurs upon dilution of semen with sea water; thus,~ vivo 
motility initiation can be readily analyzed. Indeed, Nishioka 
and Cross (1978) reported motility initiation in Strongylocentrotus 
purpuratus and Lytechinus pictus was due to a sodium-dependent 
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acid release that apparently causes an increased intracellular 
pH. However, in mammals, sperm motility is initiated in a series 
of stages in the epididymis and the complexity of this system 
makes determination of~ vivo conditions leading to sperm 
motility initiation very difficult (reviews by Mitchell et al., 
1976; Hoskins et al., 1978). 
Sperm motility initiation is a simpler process in Limulus 
than in sea urchins or mammals . Limulus spermatozoa show an 
11all-or-nothing11 response to a specific stimulus (upon initiation 
of motility, each sperm swims at a near constant speed until 
either stopping spontaneously or attaching to an egg); therefore, 
a single pathway for moti 1 ity regulation may be involved. In 
contrast, spermatozoa from sea urchins and mammals swim with one 
level of activity upon initiation of motility and an increased 
level of activity after encountering factors near eggs (Lillie, 
1913; Yanagimachi, 1970; Ohtake, 1976). Since sea urchin and 
mamma lian spermatozoa respond to at least two sets of environmental 
factors (regulating level of activity), these spermatozoa probably 
possess more than one pathway for motility regulation. 
Since large numbers of Limulus eggs can be readily collected, 
large amounts of SMI can be obtained (using the wash procedure 
described in this study). Then, SMI can be utilized to initiate 
sperm motility; thus allowing examination of membrane and intra-
cellular events specific to sperm motili ty. 
36 
Limulus and sea urchin spermatozoa have much simpler medium 
requirements than mammals. Spermatozoa from both sea urchins 
and Limulus normally become motile in sea water, which can be 
readily substituted for by ASW (a simple, defined medium lacking 
energy substrates). The normal environment encountered by 
mammalian spermatozoa at the time of motility initiation is 
very complex, and optimal diluent medium is now recommended 
to consist of a buffered saline solution containing an energy 
source, low potassium, protein {such as albumen, to stabilize 
sperm membranes), and probably also low calcium {Harrison, 1977). 
Although spermatozoa from Limulus, sea urchins, and mammals 
all exhibit motility quite resistant to alterations in environmental 
parameters, Limulus spermatozoa are definitely the hardiest with 
motility initiation unaffected by broad fluctuations in temperature, 
osmolality and pH. Limulus spermatozoa show 100% motility from 
1S-30°C, greater than 80% from I0-40°C, and greatly decreased 
motility at 5 and 45°C. Several species of sea urchins show 
optimum motility from 18-25°C and beyond this range slightly less 
than optimum from 5-32°c, and rapid decreases above and below 
this latter range (Scheuring, 1927; Hagstr5m and Hagstr5m, 1959). 
When subjected to gradual temperature changes, spermatozoa from 
several mammalian species are motile from near 0°C to above 45°C, 
but sudden cooling to below 15°C causes irreversible loss of motility 
(Mann, 1964). Limulus sperm motility is independent of salinity 
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changes from 800 to 1150 mOsm (from 85-125% ASW salinity); in 
sea urchin, Arbacia (puctulata?) from 70% to at least 100% sea 
water (Scheuring, 1927); and in some mammals from 235-360 mOsm 
(Chang and Thorsteinsson, 1958; Salisbury, 1962). In Limulus, 
sperm motility is unaffected by pH changes, from 6.3 to 8.6. 
Arbacia spermatozoa are nonmotile in sea water below pH 7.6, 
show increasing motility from 7.6 to 9.4, and agglutinate above 
9.4 (Cohn, 1918). Spermatozoa from several species of mammals 
exhibit high motility from pH 6-10, with optima in the range of 
6.8-7.2 (Mann, 1964). 
Duration of motility is shortest in Limulus, longer in sea 
urchins and longest in mammals. At 21-23°C, Limulus spermatozoa show 
no motility after 10 min and less than 25% motility after 4 min. 
The duration of sea urchin sperm motility apparently varies from 
about 1 to 10 hr (Lillie, 1915; Scheuring, 1927; Grave, 1928; 
Horstadius, 1973), possibly varying with species and/or gamete 
handling procedures. Cell-coating proteins are necessary for 
maintaining mammalian sperm motility (Harrison, 1977); spermatozoa 
in semen show motility for 10-26 hr at 35-37°C and several days 
at 8°C (Weisman, 1941), while sperm motility in the female tract 
lasts up to 24-48 hr. 
Some characteristics of the mechanism of SMI action in 
limulus spermatozoa can be discerned from the experiments where 
SHI concentration was varied. A threshold concentration of SHI 
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(12% SMI extract) was found, above which no changes were observed 
in either percent motility at 15 sec or the time at which all 
spermatozoa became nonmotile (Fig. 3). The only difference 
was that higher concentrations of SMI (25-100%) produced higher 
percentages of motile spermatozoa between 15 sec and 8 min. 
A surprising observation was that spermatozoa that had ceased 
motility after exposure to 100% SMI extracts did not have 
motility reinitiated by addition of fresh SMI. In contrast, 
motility that had ceased after exposure to 12% SMI could be 
reinitiated. Much SMI activity remained in the medium after 
addition of spermatozoa to 100% SMI, while with 12% SMI the 
activity was removed from the medium. Also, spermatozoa should 
still possess ample energy substrates when motility ceases 
following initiation by SMI, since Limulus sperm motility 
initiated with high concentrations (0. 1-0.2 M) of MgC1 2 and NiC1 2 
lasts for 2-7 hr (unpublished results). 
These observations can be explained by a model of SMI 
action (Fig. 8) in which SHI irreversibly binds to a sperm 
membrane receptor causing an alteration in the concentration of 
( Aup Ca+2 or H+) h. h an intracellular second messenger e.g., Ct\1·1 , w 1c 
activates the motility system. The second messenger would also 
act via a negative feedbac~ system to permanently inactivate 
( .g., internalize) the receptor-SHI complex allowing return to 
preactivation levels of second messenger and cessation of motility. 
(-) 
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SMI + Sperm receptor 
J 
SMI - Receptor (irreversible binding) 
! 
Second messenger (eg., eAMP, 
Activation of 
motility apparatus 
c +2 a , H+) 
Figure 8. Model for mechanism of action of Limulus sperm motility 
Initiating factor (SMI). 
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According to this mechanism, motility could be initiated when 
only part of the SHI receptors are bound to SHI. Therefore, 
100% SMI would activate most or all of the receptors causing a 
large concentration change of second messenger that would take 
longer to return to preactivation levels (via the negative 
feedback system) thus producing higher percentages of motility 
between 15 sec and 8 min. Since most or all of the receptors 
would be activated and deactivated, insufficient receptors 
capable of activation would be present to allow reinitiation of 
sperm motility by addition of new SHI. With 12% SMI, fewer 
receptors would be activated, causing less of a change in second 
messenger concentration (though sufficient to initiate motility). 
This concentration would more quickly return to normal causing 
lower percentages of motility between 15 sec and 8 min. Since 
only part of the receptors would be deactivated, sufficient 
receptors would remain to allow motility initiation by fresh 
SMI. The large variation in duration of motility by individual 
sperm for each experi mental condition is probably due to individual 
sperm variation. Second messengers have been implicated in 
sperm motility initiation in both invertebrates and vertebrates, 
with motility initiation correlated to i ncreased intracellular 
pH in sea urchins (Nishioka and Cross, 1978), cAHP in sea urchins 
(Kopf and Garbers, 1978) and malTVTlals (Hoskins et al., 1978), 
and calcium in ma nYnals (Babcock et al., 1976) . 
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In conclusion, Limulus shows promise as a model animal for 
examination of sperm motility control mechanisms, because of: 
1) characteristics of the animal as mentioned in the introduction 
and 2) characteristics of sperm motility as presented in this 
study. In future studies, SMI will be isolated and characterized. 
Then sperm motility wi 11 be initiated by SMI, and the resultant 
plasma membrane and intracellular changes wi 11 be examined to 
determine the sequence of events involved in sperm motility 
initiation. 
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CHAPTER 2. SPERM MOTILITY II. PARTIAL CHARACTERIZATION OF A 
MOTILITY INITIATING FACTOR FROM EGGS, AND THE EFFECTS 
OF INORGANIC CATIONS ON MOTILITY INITIATION 
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INTRODUCTION 
Studies investigating environmental factors that influence 
motility in flagellated spermatozoa have utilized two approaches: 
1) examination of factors which maintain or alter sperm motility 
after initiation, and 2) examination of factors which initiate 
motility. Numerous studies have been concerned with the first 
approach and several factors involved with increasing and 
maintaining sperm motility are presently being examined. For 
example, sperm-motility 11activators 11 or 11stimulators 11 (that 
increase or maintain motility in spermatozoa that are already 
motile) have been reported in sea urchins (Lillie and Just, 
1924; Ohtake, 1976), the polychaete, Nereis (Lillie and Just, 
1924), a keyhole limpet (Tyler, 1940) and mammals (Morton and 
Chang, 1973; Bavister, 1975; Bavister and Yanagimachi, 1977). 
Low molecular weight sperm motility activators have been 
extracted and partially characterized from sea urchins (Ohtake, 
1976) and several mammalian tissues (Morton and Chang, 1973; 
Bavister, 1975; Bavister and Yanagimachi, 1977). The 
kallikrein-kinin system (which is of major importance in 
circulatory physiology) has even been implicated in regulation of 
human (Schill, 1975) and bull (Bratanov et al., 1978) sperm 
motility, with the small peptides, kinins, being sperm motility 
stimulators. Sperm chemotactic factors also alter sperm motility 
after initiation and have been documented to emanate from female 
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reproductive structures or eggs in several species of hydroids 
and a tunicate (Ciona intestinal is) and are probably active in 
several other animal groups (Miller, 1977). 
Fewer studies, however, have considered the second approach, 
which is difficult to examine in most species, since spermatozoa 
are usually motile at semination. In mammals, some controversy 
exists over what extracellular factors are responsible for sperm 
motility initiation. A forward motility protein (found in caudal 
epididymal fluid) was reported to initiate forward motility in 
immature, immotile bovine spermatozoa under conditions that elevated 
intracellular cAMP levels (Acott and Hoskins, 1978; Brandt et al., 
1978). This protein is proposed to make spermatozoa ready for 
motility when mixed with seminal secretions. Morton et al. (1978) 
reported a positive correlation between Ca+2 concentration in 
epididymal fluid and sperm motility in rat, mouse, hamster, rabbit, 
bull and man. 
+2 
They also reported that added Ca produced 
increased sperm motility in the three species with lowest 
epididymal sperm motility (rat, mouse and hamster). In contrast, 
+2 Storey (1975) reported Ca was not required to trigger motility 
in rabbit epididymal spermatozoa. In support, Turner and Howards 
(1978) reported that motility initiation in rat epididymal 
spermatozoa required the addition of ionic solutions, but the 
ionic requirement was nonspecific and Ca+2 was no more effective 
+2 + + than Hg , K or a in initiat ing or maintaining sperm motility. 
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In other species, monovalent cations have been imp I icated. 
Spermatozoa of the rainbow trout are nonmotile when spawned and 
motility is initiated upon di Jut ion with fresh water, with 
activation reportedly being due to dilution of K+ (Stoss et al., 
1977). Sperm motility initiation in sea urchins occurs upon 
dilution of semen with sea water (Stearns, 1974). Nishioka and 
Cross (1978) presented evidence that moti I ity initiation in 
Strongylocentrotus purpuratus and Lytechinus pictus involves a 
Na+ influx and H+ efflux which caused an increased intracellular 
pH. Other animals whose spermatozoa become motile upon dilution 
with sea water or fresh water include Nereis (Lillie and Just, 
1924), a keyhole limpet (Tyler, 1940) and several species of 
fresh water fish (Suzuki, 1958; Poutard, 1962). 
Specific motility initiating factors from eggs have been 
reported in the herring (Yanagi machi, 1957) and Li mulus polyphemus 
(Shoger and Bishop, 1967; Brown, 1976; Bishop and Nidek, 1977). 
In both ani mals, spermatozoa are nonmotile after dilution with 
sea water and become motile only after nearing the egg (as in 
Li mulus) or after contacting the eg g surface (as in the herring). 
The sperm-activating factor from herring is inactivated by heat, 
acid. trypsin, Ca+2 and Hg+2 (Yanagi mach i , 1957). When freshly 
spawned Li mulus eggs are added to a sperm suspension in a Petri 
dish, the striking visual contrast between the well-defined 
layer of motile sperma tozoa near the egg and the nonmotlle 
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suspended spermatozoa farther from the egg, has led to the use 
of the term "halo region" to describe the region of motile 
spermatozoa (Brown, 1976) . The sperm mot i 1 i ty 11ac ti va tor" from 
Limulus eggs was reported to be heat-stable and dialyzable 
(Shoger and Bishop, 1967). Bishop and Nidek (1977) reported that 
sperm motility initiation in Limulus is produced by a combination 
of: +2 l) stimulation by Cu released from eggs and 2) relaxation 
of inhibition by K+ efflux from sperm. In addition, these 
h h Mg+2 ·1 s a 1 so · d f t · t · aut ors state tat require or sperm ac 1va ion. 
The present study emphasizes the elemental composition of 
egg extracts containing high levels of the sperm motility 
initiating factor (SHI) and presents evidence that insufficient 
Cu+2 and Mg+2 are present to account for the observed sperm 
motility initiating activity and that a small molecular weight 
organic molecule(s) is probably involved. 
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MATERIALS AND METHODS 
Procedures for maintaining animals, collecting gametes and 
preparing artificial sea water (ASW) were previously reported 
(Chapter 1) . 
Preparation of SMI Extracts 
SMI extracts were prepared by washing freshly collected 
intact eggs with either ASW or distilled deionized water (ddH20) 
depending on the experiment to be conducted. Extracts prepared 
with ASW are called ASW-SMI extracts, and those prepared with 
ddH20 are termed ddH20-SMI extracts. The basic wash procedure 
was conducted in two stages: first, freshly collected eggs were 
washed for l min with 1 ml ddH2o or ASW per 100 eggs; this wash , 
# 1, was decanted and saved. Then for wash #2 , the same eggs 
were washed an additional 10 min with 1 ml (in 4 aliquots of 0.25 
ml each) per 100 eggs. The two washes were combined for all 
experiments except the quantitative elemental analysis (by 
atomic absorption spectroscopy) for which the two washes were 
analyzed separately. The washes were then centrifuged at 
12, 100 xg, 3°c, for 30 min, and this supernatant was decanted and 
saved. For the dialysis experiments, eggs were washed with ASW 
as indicated above, and the supernatant from the centrifugation 
was utilized directly. For all other experiments, ddH20 washes 
were prepared, centrifuged as indicated above, and lyophilized 
to dryness. 
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Sperm Motility Assays 
Except for the gel filtration experiment, sperm motility 
initiating activity of SMI extracts and selected reagents (see 
Table I) was assayed by adding 2 ml of a 1% sperm suspension to 
an equal volume of extract or reagent in a test tube. The two 
components were mixed well, two drops of the mixture were placed 
on a glass microscope slide, and percent motility (observed 
through a Wild MS stereomicroscope, SOX) was estimated periodically 
from 15 sec to 10 min after addition of the sperm suspension. 
Since the time at which maximum percent motility occurred was at 
15 sec with SMI extracts and was variable for the inorganic 
cations, maximum motility during the 10 min interval (for each 
reagent or extract) was utilized for comparison. To assay for 
SMI activity in the gel filtration fractions, one drop (approxi-
mately 20 µl) of a 1% sperm suspension placed on a glass microscope 
slide adjacent to an equal volume of the fraction to be assayed; 
these two drops were mixed and the motility observed as indicated 
before. 
Reagents were made isotonic with ASW by diluting stock 
solutions (prepared isotonic with ASW according to the formulae 
of Cavanaugh, 1975) with ASW to the desired concentration. ddH20-
SHI extracts were either mixed with an equal volume of double 
concentration ASW or lyophilized and redissolved in ASW. 
. . +2 .+2 8 1th the exceptions of Cu at 1-170 mM and N1 at 1 5 mH, 
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all solutions assayed for motility initiation activity were 
within the pH range of 7.3-8.0. These pH's are well-within 
the range over which sperm motility initiation has been shown to 
b . d d (Ch 1) A h. h . . h C +2 e 1n epen ent apter . t 1g concentrations, ne1t er u 
+2 nor NI are completely soluble in ASW at pH's above 7.0; conse-
quently, the respective pH's (after mixing with sperm suspensions) 
+2 .+2 for 1, 17, and 170 mM Cu and 185 mM N1 were 6.3, 5.0, 4.2 and 
6.2. For the Cu+2 concentration of 0.1 mM, pH was adjusted with 0.1 M 
NaOH prior to mixing with sperm suspensions; all other solutions 
were within the lndicated pH range without adjustment prior to 
mixlng. 
Size and Stability of SMI 
ASW-SMI extracts were dialyzed against ASW using tubing 
(Fischer Scientific Co., catalog no. 8-667E) that had been 
pretreated wlth 2-mercaptoethanol (1 mM) and EDTA (1 mM) to reduce 
disulfide bonds and remove any divalent cations Jn the tubing. 
The dialysis was first conducted with a volume of ASW outside 
the bag equal to the volume of SHI extract within the bag. 
After 24 hr of dialysis at room temperature (22°C), the dlalysate 
(material outside the bag) was assayed for SMI activity. For 
the second dialysis experiment, 10 ml of ASW-SMI extract (prepared 
as before) was dialyzed against 1000 ml of ASW with four changes over 
24 hr and the material within the bag (dialyzed extract) was assayed 
for SHI activity. 
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ddH 20-SMI extracts were tested for SMI activity before and 
after lyophilization. Unlyophilized extracts were mixed with 
equal volumes of double concentration ASW (to produce final 
extracts nearly isotonic with ASW); lyophilized extracts were 
dissolved in ASW (to the same dilution as the unlyophilized 
extracts), and both samples were compared for SMI activity. 
Also, ddH 20-SMI extracts were boiled to dryness in a porcelain 
crucible over a Bunsen burner, redissolved in ASW to the 
original extract volume, and assayed for SMI activity. 
For the gel filtration experiments, ddH20-SMI extracts were 
lyophilized as before, redissolved in 0.3 ml ddH20, applied to 
G-10 Sephadex columns (0.9 x 22 cm) equilibrated with ddH2o 
(pH 6.5-7.5) at 4°C prior to sample application, and eluted with 
ddH20 at 0.3 ml/minute. The G-10 fractions (2 ml ea) were 
lyophilized, redissolved in 0.05-0. I ml ASW and tested for SMI 
activity. 
Qualitative Elemental Analysis of SMI Extracts 
An energy dispersive X-ray fluorescence spectrometer (United 
Scientific, Model 440) was utilized for a qua I itative and semi-
quantitative elemental analysis of ddH20-SMI extracts. This 
technique could detect elements with a molecular weight of 35 and 
above. Fractions retained by the G-10 Sephadex procedure described 
before (and resulting from washing about 15,000 eggs} were pooled 
into four fractions, lyophilized and redissolved in minimum 
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volumes (about 0.5 ml each) of ddH20. The samples were then air-
dried on one inch diameter discs of Wattman #541 filter paper in 
preparation for X-ray fluorescence analysis. The results from 
the four samples were combined, and each element detected by this 
analysis was assayed for sperm motility initiating activity from 
the concentration found in ASW to the maximum concentration listed 
in Table l. 
Quantitative Elemental Analysis of SMI Extracts 
ddH20-SMI extracts were prepared as previously indicated 
for analysis by atomic absorption spectroscopy (AA) . To compare 
the effect of washing eggs with ddH2o to that of washing eggs with 
sea water, eggs were washed with Ca-Mg-free sea water {prepared 
from the formulations of Cavanaugh, 1975) and analyzed for Ca and 
Mg. The quantities of these elements per egg in the extracts 
produced with Ca-Mg-free sea water were the same as their 
respective quantities in ddH2o extracts. However, Cu- or ~i-free 
sea water could not be used for egg extracts to be analyzed by 
AA for Cu and Ni content because of interference from high 
concentrations of other elements present. Therefore, since the 
quantities of Ca and Mg per egg in extracts were the same 
\hether the eggs were washed with ddH2o or Ca-Mg-free sea water 
and since Cu and Ni could not be analyzed in sea water mixtures, 
all AA analyses were done on ddH20-SMI extracts. 
The ddH20-SMI extracts were analyzed for Ca, Cu, Mg, Ni and 
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K using an Instrumentation Laboratory, Inc. (model number 251) 
atomic absorption spectrometer with both flame and flameless 
capabilities, and using Perkin Elmer Corporation lamps. Ca, K 
and Mg were analyzed in the flame mode following standard 
condition procedures, as described in the Manual of Methods 
for Chemical Analysis of Water and Wastes (1974). Cu and Ni 
were present in amounts too dilute to be quantitated using 
flame AA so the flameless mode with a graphite cuvette was 
utilized. Extract preparation for flameless AA avoided the 
lyophilization and redissolving of samples. Eggs were washed 
and the washes were centrifuged as previously indicated. Then 
the supernatant was processed (without being lyophilized) 
fol lowing the procedures indicated for Cu and Ni in waste 
water as described by Emmel et al. (1976). The sperm motility 
initiating activity of each element was then determined at 
their respective halo region concentrations. 
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RESULTS 
Size and Heat Stability of SMI 
Dialysis, gel filtration and boiling to dryness were utilized 
to determine the approximate size and heat stability of SMI . When 
10 ml of ASW-SMI extract was dialyzed against an equal volume of 
ASW, SMI activity passed into the dialysate, and when dialyzed 
against l L of ASW (with 4 changes over 24 hr), no SMI activity 
was found in the retentate (material within the dialysis bag), 
thus indicating SMI is a small molecule. ddH20-SMI extracts 
did not lose SHI activity when either lyophi lized or boiled to 
dryness. Following G-10 Sephadex gel filtration of lyophilized 
ddH20-SMI extracts, all SMI activity was in the retained fractions. 
These experiments indicate SHI is water soluble, heat stable and 
has a molecular weight below approximately 700. 
Qualitative Elemental Analysis of SHI Extracts 
X-ray fluorescence spectroscopy was utilized for a qualita-
tive and semi-quantitative analysis of the G-10 fractions richest 
in SHI activity. Those elements detected were (in descending 
amounts): K, Cl, Br, Ca, Cu and Ni. These elements were then 
individually tested for an effect on sperm motility initiation, 
over a range of concentrations varying from the amount found in 
ASW to the upper concentration indicated in Table 1. Br- (NaBr) 
and Cl ( aCl) had no effect on sperm motility; Ca+2 (CaC1 2), 
Cu+2 (CuC1 2) and i+2 (NiCl 2) all initiated motility. High K+ 
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TABLE 1 
Sperm motility initiation by inorganic ions determined by qualita-
tive analysis to be present in Limulus egg extracts containing high 
sperm motility initiator activity. 
Reagent 
stock Ion Maximum Maximum 
Element Reagent solutiona concentration concentra t ion motility u ti 1 i zed isotonic with in ASW testedb observedC 
ASW (rnM) (mM) (%) 
(mM) 
Chlorine NaCl 530 496 513 0 
Bromine Na Br 540 o.03d 270 0 
Magnesium MgCl2 340 45.44 194 100 
Calcium CaCl2 340 9 . 25 175 60 
Copper CuCl2 340 e 170 90 -
Nickel NiCl2 370 e 185 100 -
Potassium KCl 530 8.99 270 of 
a Reagents prepared according to formulae of Cavanaugh (1975) . 
b Sperm motility initiation was assayed for each ion in a series of 
concentrations ranging from the amount present in ASW to the maximum 
concentration obtainable by mixing equal volumes of isotonic reagent 
stock solutions with ASW. 
c Maximum percent motility was always observed at the highest ion con-
centration assayed except for copper where maximum motility was 
observed at 1-17 mM. 
d Trace contamination level based on assay of reagents used to make 
ASW. 
e Not listed as a contaminant of reagent grade chemicals used to make 
ASW, and could not be measured by atomic absorption spectroscopy due 
to interference by high levels of other cations in ASW . 
f High potassium concentration (175 mM) prevented motility initiation 
by all assayed concentrations of calcium, magnesium and nickel and by 
copper below (but not above) l ~. (Neither chlorine nor bromine 
prevented motility initiation by any of the divalent cations.) 
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concentration (175 mM KCl) inhibited motility initiation by 
+2 
Cu below (but not above) 1 mM and by all concentrations of 
C +2 d N.+2 a an 1 • +2 . Mg has a molecular weight below the atomic 
weight detection limit for the X-ray fluorescence technique and 
since other divalent cations initiated sperm motility, MgC1 2 
was also assayed. Sperm motility was initiated by MgCJ 2 and 
this initiation was inhibited at all concentrations by high 
potassium (Table 1). 
Quantitative Elemental Analysis of SMI Extracts 
Atomic absorption spectroscopy (AA) was utilized to quantitate 
Ca, Cu, Mg, Ni and K in ddH 20-SMI extracts, produced under conditions 
that quantitatively removed the material that would be present in 
the halo region. Since eggs were washed 11 min to produce the 
ASW-SMI extracts and the number of eggs used to produce each 
extract was counted, the previously determined halo volume of 3.6 µJ 
per egg at 11 min (Chapter 1) could be utilized to calculate the 
concentration of each element in the region where sperm motility 
Is Initiated near eggs. Prior to the AA determinations, however, 
certain characteristics concerning the halo region had to be determined 
to assure that the SMI extract accurately represented halo region 
contents. 
Verification of wash procedure To produce ddH 20-SMI extracts 
for quantitative elemental analysis, the initial 1 min wash 
(wash #1) was kept separate from the later 10 min wash (wash 2) 
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The initial washing procedure (to produce wash #1) should approxi-
mate the washing encountered by eggs upon deposition into sea 
water . Wash #I should, therefore, contain mainly oviductal fluid 
which is normally removed before formation of the halo region 
and should not contribute to the contents of the region where 
sperm motility is being initiated. To determine whether the 
removal of oviductal fluid would significantly alter the halo 
region, the halo regions were compared between unwashed eggs and 
eggs washed 1 min (in this case eggs were washed with ASW) prior 
to being placed in ASW with 0.5% sperm suspensions. No significant 
difference in halo development, duration or size was observed 
between the two groups. Eggs that had been washed 1 min with ASW 
prior to measurement of halo width at 11 min, produced an average 
width of 267u(SEM = 22, n = 3) as compared to 251u(SEM = 28, n = 
8) used to calculate the halo volume. Therefore, the contents of 
oviductal fluid removed by the preliminary 1 min wash should not 
contribute significantly to the halo region or to normal sperm 
motility initiation, and must be removed to allow collection and 
analysis of only the material that diffuses from the egg during 
development of the halo region. 
Quantitative elemental analysis The amount of each element 
(analyzed by AA) in ddH20-SMI extracts was divided by the number 
of eggs used to produce each extract in order to obtain the 
nannomoles of each element per egg. Then nannomoles per egg was 
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divided by the halo volume to determine the concentration 
representing the contribution to the halo region of material 
diffusing from each egg (Table 2). Since fertilization occurs in 
sea water, the concentration of each element in the halo region 
is a sum of the concentration already in ASW plus the contribution 
from the egg. Although this method of determining elemental 
concentrations in the halo region assumes uniform distribution 
throughout the region, the concentration of each element in the 
region where sperm motility is being initiated can be approximated. 
The results obtained (Table 2) indicate that Ca+2 and Mg+2 
concentrations in the halo region were not significantly higher than 
their concentrations in ASW alone. K+ in the halo region was 
increased by 115% over its concentration in ASW. Since Cu+2 and 
N.+2 l . . SW h . 1 were present on y as trace contaminants 1n A , t e1r 
concentrations in the halo region were probably greatly increased. 
Levels of these two elements in ASW could not be measured by AA 
due to interference by high levels of other cations. ASW was 
prepared from reagent grade chemica ls, and neither Cu nor Ni was 
listed as a contaminant in any of the ingredients. Therefore, of 
the elements present that were shown to induce sperm motility, 
+2 .+2 only Cu and N1 probably had significantly higher concentrations 
in the halo region. 
Motility Initiation by Halo Region Concentrations of Divalent Cations 
i+2 and Cu+2 were individually assayed for 
62 
TABLE 2 
A comparison of concentrations of inorganic cations in t he halo 
region (as determined by atomic abso rption spectroscopy - see t ext) of 
Limulus eggs to their respective concentrations in a r tificial sea water 
(ASW) . 
Concentration Total % Number in haloa Concentratior ~on cent ra t ior i ncrease Cation of due to eggb in ASW in ha lo due to t:i etermination~ (mM) k:l iffusion (mM±SD) (mM) If rom egg 
ca+2 5 I. 04±0 . 16 9.25 10 . 29 11 . 2 
Mg+2 3 2.69±0 . 29 45 . 44 48 . 13 5 . 9 
K+ 4 10. 3±2. 19 8 . 99 19.3 115 
Ni+2 3 K>.00086±0 . 00031 
c 0 . 00086 d - -
cu+2 4 K> . 00030±0.00022 c 0 . 00030 d - -
a The halo region immediately surrounds each freshly spawned egg and 
represents the area where sperm motility is initiated. 
b The component of the halo region concentration of each cat ion that is 
due to diffusion from the egg. 
c Not listed as contaminant of reagent grade chemicals used to make 
ASW, and could not be measured by atomic absorption spectroscopy due 
to interference by high levels of other cations in ASW. 
d Probably increased greatly. 
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minimum concentrations that induce sperm motility, none were 
found to produce any motility at the concentrations determined 
to be present in the halo region (Table 3). If halo region 
concentrations are computed from the contents of both washes 
(#1 and #2), then the respective concentrations for Ca+2 , 
+2 + +2 +2 
Mg , K, NI , and Cu become 13.43, 56.38, 22.16, 0.0020 and 
0.00084 mM. These concentrations are still substantially below 
the minimum concentrations required for motility initiation. When 
all 5 cations were combined in their respective halo region 
concentrations (based on either wash #1 or combined washes #1 
plus #2) and this mixture was added to spermatozoa, no motility 
was observed. Also, Ni+2 plus Cu+2 , at halo region concentrations, 
produced no motility; their respective concentrations had to be 
increased to 10 and 1 mM, respectively, to approach the percent 
motility observed around eggs or with SMI extracts. Furthermore, 
maximum motility for Cu+2 and Ni+2 occurred at pH's of 5.0-6.3 
(1-17 mM) and 6.2 (185 mM) respectively, which is below the pH 
optimum for motility initiation by SMI (Chapter 1). Therefore, 
no inorganic ions seem to be directly responsible for the observed 
SMI activity in egg extracts, and no potentiation by interacting 
cations Is involve d. 
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TABLE 3 
Minimum divalent cation concentrations that initiate sperm 
motility as compared to their respective concentrations in the halo 
region. 
Minimum reagent 
Concentration in concentration 
Cation halo region that produces 
(mM) motility 
(mM) 
Mean Range n 
ca+2 10.29 95 92-100 3 
Mg+2 48. 13 141 90-194 3 
Ni+2 0.00086 0.037 0.0093-0.093 3 
cu+2 0.00030 0.039 0.0085-0.085 5 
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DISCUSSION 
Limulus spermatozoa are nonmotile when spawned, remain 
nonmotile after being mixed with sea water. and become motile 
only after encountering a sperm motility initiating factor 
(SHI) that diffuses from Limulus eggs. The SHI is heat stable, 
passes through dialysis tubing and is retained by G-10 Sephadex 
(indicating a molecular weight below about 700). Qualitative 
and quantitative elemental analyses of aqueous egg extracts 
containing high SHI activity, indicated the presence of four 
divalent cations (Ca+2 , Cu+2 , Mg+2 and Ni+2) all of which 
initiated sperm motility, and one monovalent cation (K+) which 
inhibited sperm motility initiation by each of the divalent 
cations. +2 .+2 + Only Cu , Ni and K were determined to be present 
in the halo region in quantities that significantly altered 
their respective concentrations in ASW. Since K+ was 
+ present when motility was produced by SHI, K must not normally 
be an inhibitor of sperm motility initiation. None of the 
d . 1 . ( +2 +2 N.+2 C +2) h . d d 1va ent cations Ca , Mg , 1 or u , at t e1r etecte 
concentrations, initiated sperm motility. Therefore, if inorganic 
cations are involved in normal sperm motility initiation in 
Limulus, they must be acting in conjunction with some other low 
molecular weight factor. 
The characteristics and mode of action of SHI appear to 
ma e thee tracellular stimulus for sperm motility initiation 
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in Limulus unique (or at least very unusual) in the Animal 
Kingdom. The egg-derived sperm motility initiator in the 
herring was reported to be inactivated by heat (Yanagimachi, 
1957) and is therefore uni ike the Limulus SMI. No studies could 
be found where sperm motility in other species was reported 
to be initiated by a specific factor from the egg. However, 
even though different environmental stimuli trigger motility 
initiation in spermatozoa from different animals, similar ion 
fluxes or other intracellular events could be involved in sperm 
motility initiation in all species with flagellated spermatozoa. 
Some similarities exist between the Limulus SMI and both: (1) 
sperm motility "activators" or 11 stimulators 11 that maintain or 
increase motility in spermatozoa that are already motile and (2) 
the hydroid chemotactic factors. A heat-stable, approximately 
200 dalton factor(s) derived from three species of mammals 
maintained motility in hamster spermatozoa (Horton and Chang, 
1973; Bavister, 1975; Bavister and Yanagimachi, 1977), and a 
sperm-activating substance of similar size and heat stability 
was obtained from the jelly coat of two species of sea urchin 
eggs (Ohtake, 1976). These extracellular factors in all three 
groups of animals (Limulus, manvnals and sea urchins) alter 
intensity of sperm motility (probably via interaction with specific 
membrane receptors); however, echinoderm and malTlllalian spermatozoa 
are already motile before encountering their respective motility 
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factors, while Limulus spermatozoa are nonmotile before 
encountering the SHI. Therefore, both mammals and echinoderms 
have two sets of external factors that affect intensity of 
sperm motility (one set initiates motility and the other set 
alters motility after initiation) and each group of animals 
probably also has two intracellular pathways controlling sperm 
motility. Sperm chemotactic factors are also naturally occurring 
small molecular weight molecules that alter sperm motility; 
however, since their function is to alter direction of movement, 
they probably act via different mechanisms than the factors that 
alter intensity of motility. Chemotactic factors from three 
species of hydroids have been reported to have molecular weights 
below 600 (Miller, 1972) and the factor from one species 
(Tubularia larynx) was reported to behave like a small peptide 
(Mi lier and Tseng, 1974). 
This study emphasized elemental analysis of SMI extracts 
partially because of a previous study (Bishop and Nidek, 1977) 
which had reported that sperm motility initiation in Limulus was 
d +2 d d c +2 . . f ue to Mg - epen ent u act1vat1on o sperm. Although the 
present study found that Cu+2 would indeed initiate sperm 
motility in low concentrations, there was still insufficient 
+2 Cu (or any other inorganic ion) present in the halo region 
to account for the observed SHI activity. + The presence of K 
in SHI e tracts was surprising once its action as an inhibitor 
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of sperm motility initiation was determined. Possibly K+ 
diffusing from the egg plays no role in sperm motility initiation 
and instead inhibits premature egg activation (while eggs are 
stored in the oviducts prior to spawning). Then the release 
+ of K when eggs are mixed with sea water would ready the eggs 
for fertilization. This role of K+ in control of egg activation 
would be analogous to the reported role of K+ in sperm motility 
initiation rainbow trout (Stoss et al., 1977) and Limulus 
(Bishop and Nidek, 1977). In both species, release of K+ 
from the spermatozoa upon dilution with water or ASW was 
reported to release an inhibitory effect, thus allowing motility 
to be initiated. 
Since the results of this study rule out a dominant role 
for inorganic ions in Limulus sperm motility initiation, SMI 
must be a small organic molecule. Preliminary experiments 
support this conclusion by showing that SMI activity in egg 
extracts is destroyed by acid (6 N HCl). Therefore, SMI is a 
small, heat stable, apparently organic molecule, that acts 
either alone or possibly in conjunction with an inorganic cation 
to initiate Limulus sperm motility. Future experiments wi 11: 
1) utilize ion exchange chromatography and other techniques to 
continue the isolation and characterization of the Limulus sperm 
motility initiator and 2) determine intracellular responses to 
sperm motility initiation by SMI. 
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CHAPTER 3. SOME OBSERVATIONS ON IONIC INVOLVEMENT IN THE SPERM 
ACROSOME REACTION AND SPERM MOTILITY 
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INTRODUCTION 
During the acrosome reaction in Limulus, adjacent membranes 
of the sperm plasma membrane and the underlying acrosomal vesicle 
fuse (presumably releasing acrosomal enzymes and exposing attachment 
substances) and a long, preformed acrosomal filament is extruded 
(Andre, 1963; Shoger and Brown, 1970). After the acrosome reaction, 
Limulus spermatozoa undergo a unique modification of unknown 
significance (called the secondary reaction), during which the 
flagellum is withdrawn into the sperm head and wraps around the 
nucleus (Shoger and Brown, 1970; Brown, 1976). 
_!!!.vivo, the acrosome reaction occurs in Limulus after each 
sperm attaches to the egg. However, in the absence of an egg, 
0.34 M CaC1 2 (Brown, 1976) or the ionophore X537A in the presence 
of 50 mM CaC1 2 (Tllney et al., 1978) will initiate the reaction. 
The essential role of Ca+2 in the acrosome reaction has been 
documented In numerous species (reviews by Dan, 1967; Austin, 1975; 
Epel and Vacquier, 1978), with Ca+2 being an absolute requirement 
for membrane fusion (Tilney et al., 1978). 
+ + + 
The monovalent cations, K , Na , and H , have also been 
reported to be involved in the acrosome reaction in several species. 
The use of lonophores that transport monovalent cations has provided 
+ + evidence that Na and/or K can play a role in the acrosome 
reaction of echinoderms (Schackmann et al., 1978; Tilney et al., 
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1978) and ma!'ITilals (Russell et al., 1978) and in an acrosome reaction-
like process in ascidians (Lambert and Epel, 1979). Utilizing 
blocking agents and sea water formulations lacking K+ or Na+ while 
Initiating acrosome reactions with egg jelly, Schackmann et al. (1978) 
reported that both Na+ and K+ are involved in normal acrosome reaction 
initiation in sea urchins. Acid release also occurs when acrosome 
reactions are initiated by either egg jelly (Collins and Epel, 1977; 
Schackmann et a 1., 1978) or i onophores (Schackmann et a 1 . , 1978) in 
sea urchins; by egg jelly in starfish (Tilney et al., 1978); and 
when an acrosome reaction-like process is initiated by either ! 
ionophores or contact with the egg chorion in ascidians (Lambert 
and Epel, 1979). Increasing the pH of sea water can initiate 
acrosome reactions in sea urchins and ascidians without the presence 
of egg factors or ionophores (Decker et al., 1976; Collins and Epel, 
1977; Lambert and Epel, 1979). Therefore, during the acrosome 
+2 + reaction in several invertebrates, an exchange of Ca and K 
+ + or Na for H apparently causes an increased intracellular pH which 
is Involved in some aspects of the acrosome reaction (Lambert and 
Epel, 1979; Schackmann et al., 1978; Ti lney et al., 1978), and 
Ca+2 ls an absolute requirement for membrane fusion. 
Sperm motility in Limulus is initiated when spermatozoa 
encounter a sperm motility initiating factor (SMI) that diffuses 
from the egg (Brmvn, 1976; Chapter 1), and although SMI is 
apparently a small organic molecule (Chapter 2), extracellular 
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and/or intracellular ions are also likely to be involved. Therefore, 
unl Ike in Chapters 1 and 2, where characteristics of SMI and its 
action were discussed (and several divalent cations were rejected 
as candidates for the identification of SMI), this chapter examines 
possible roles for inorganic cations in initiation of both the 
acrosome reaction and sperm motility. In motility initiation, 
for example, SMI may require one ion as an extracellular cofactor, 
while others may be involved intracellularly (as a second messenger 
or as cofactors for essential reactions in the initiation sequence). 
In mammals, some debate exists, but one or more of the following 
inorganic cations, Ca+2 +2 + + Mg , Na , or K , seems to be required 
extracellularly for sperm motility initiation (Storey, 1975; 
Morton et al., 1978; Turner and Howards, 1978; Yanagimachi, 1978). 
Increases in intracellular Ca+2 concentration have been correlated 
with increases in motility of bovine spermatozoa (Babcock et al., 
1976, 1978; Singh and Babcock, 1978), but not with human spermatozoa 
(Peterson and Freund, 1976). In sea urchins, sperm motility has 
been reported to be initiated by a Na+ influx and H+ efflux which 
causes an Increased intracellular pH (Nishioka and Cross, 1978). 
Also, since the flagellar apparatus of spermatozoa is driven by 
+2 dyneln, which Is a Mg -dependent ATPase (Gibbons and Gibbons, 1974), 
Intracellular Mg+2 is required for motility. 
The research reported here utilizes ionophores, detergents, 
SMI extracts and other reagents to examine cation involvement 
in the acrosome react ion and mo t i lity in Li mulus spermatozoa. 
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METHODS AND MATERIALS 
Procedures for maintaining animals, collecting gametes and 
preparing SMI extracts were previously reported (Chapter 1). MBL 
formula artificial sea water (ASW) containing 423 mM NaCl, 9.00 mM 
KCl, 9.27 mM CaC1 2, 22.94 mM MgC1 2 , 25.50 mM MgS0 4 , and 2.15 mM 
NaHco3 (Cavanaugh, 1975) was utilized directly or modified to 
produce the other sea water (SW) formulations. In Ca-free SW, 
NaCl was increased to replace the deleted CaC1 2; and in Mg-free SW 
and Ca-Mg-free SW, NaCl was increased and Na 2so4 added to replace the 
Mg- and Ca-containing reagents (Cavanaugh, 1975). For K-Free SW, 
NaCl was increased by 9.00 mM to replace the KCl. For the Na-free 
SW, choline chloride (423 mM) was substituted for NaCl, and KHC03 
(2.15 mM) for NaHco3 (Nishioka and Cross, 1978). All chemicals 
were reagent grade and the water was glass distilled and deionized. 
For determining the effects of reagents and different SW 
formulations on sperm motility and acrosome reaction Initiation, 
freshly collected semen was diluted to a 1% sperm suspension 
(108 spermatozoa/ml) in the SW to be used. Then for all experiments, 
except those utilizing Ca-Mg-free SW, the sperm suspensions were 
centrifuged (200 xg, 15 min), the supernatant decanted, and the 
spermatozoa resuspended in fresh SW to the original 1% volume. 
Spermatozoa in Ca-Mg-free SW were very fragile and could not survive 
the wash procedure. Therefore, spermatozoa in Ca-Mg-free SW were 
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utll I zed directly after dulution of semen to 1% and were not centrifuged 
and resuspended. 
To assay for sperm motility and the acrosome reaction, 0.25 ml 
of a 1% sperm suspension was mixed with an equal volume of reagent 
In a test tube, and two drops of the mixture was placed on a micro-
scope slide. Sperm motility was determined at intervals from 15 sec 
to 5 min, utll izlng a Wild MS stereomicroscope (SOX); and percentages 
of acrosome reactions and secondary reactions were determined for 
the same samples at 10 min utilizing a Nikon phase-contrast microscope 
(400 X). To determine the viability of spermatozoa following 
treatment with the various reagents, a drop of 50% SMI extract 
(prepared as indicated in Chapter 1) was added to the two drops 
of sperm-reagent mixture at 11 min, and the percentage of motility 
was determined. A range in concentrations of each reagent was 
assayed, and Table 1 indicates the concentration (after mixing sperm 
suspension and reagent) at which maximum activity was observed. 
The lonophores A23187 and Nigericin were dissolved in dimethyl 
sulfoxlde (DMSO) to produce stock solutions of 2 mM ionophore. 
Then, these solutions were mixed with the desired SW formulations 
before being added to sperm suspensions, thus producing final 
concentrations of DMSO in sperm mixtures ranging from 0.1% in 2 µM 
lgerlcln to 1 .25% in 25 µM A23187. In controls in which DMSO 
was ml ed with sperm suspensions in the absence of ionophores, 
0.025-2.5% DMSO produced no acrosome reactions In any of the SW 
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formulations and produced no motility in any SW formulation except 
Na-free SW and K-free SW, in which 1-10% motility was observed at 
0.025-0.25% DMSO. 
Ethylenedlamine tetraacetic acid (EDTA), ethyleneglycol-bis 
(e-aminoethyl ether)-N, N'-tetraacetic acid (EGTA), Triton X-100, 
sodium dodecyl sulfate (SOS) and DMSO were purchased from Sigma Chemical 
Co. Nigericin was a gift from W. Scott of Hoffman La Roche, and 
A23187 was a gift from R. L. Hamill of Eli Lilly Co. All SW 
formulations and reagent solutions (after being mixed with SW) were 
isotonic with ASW and within the pH range of 7.8-8.0 (or adjusted 
to this pH range with 1 M NaOH). 
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RESULTS 
ls required for the acrosome reaction in Limulus. The ionic 
detergent, SOS, (which in low concentrations seems to increase 
membrane permeability without disrupting the sperm) and the divalent 
cation ionophore, A23187, both initiated acrosome reactions, but 
+2 only in SW formulations containing Ca (Table 1). Also, addition 
of 0.5 mM La+3 (a Ca+2 antagonist) to ASW prevented initiation of 
the acrosome reaction by A23187 (>50% motility was produced but <1% 
acrosome reactions). 
+2 + + Each of the ions, Mg , Na , or K , could 
be omitted from ASW without inhibiting acrosome reaction initiation 
by A23187 or SOS; and the monovalent cation ionophore, Nigericin, 
dtd not Initiate the acrosome reaction. Triton X-100 (a nonionic 
detergent) and NH4c1 (which apparently increases intracellular pH, 
Nishioka and Cross, 1978) did not cause acrosome reactions at any 
concentration tested (0.0012-0.01 % v/v and 10-50 mH, respectively). 
Also, increasing extracellular pH to 9.0-10.4 by adding NaOH to ASW 
did not significantly initiate acrosome reactions (<1% acrosome 
reactions, n = 5). 
A surprising observation was that SMI extracts produced 
· · S'' · · l K+ or low Mg+2 . acrosome reactions In w conta1n1ng ow Since 
the SMI extracts were not purified to remove inorganic ions, all 
solutions containing SHI also contained low levels of the cations 
being studied. Therefore, after dissolving SMI extract (prepared 
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83 
as Indicated in Chapter 1) in Na-free SW and mixing this with 
spermatozoa washed and suspended to 1% in Na-free SW, the final 
concentration of Na+ was 16 mM (based on atomic absorption spectro-
scoplc analysis of SMI extracts utilizing procedures referred to 
in Chapter 2). Similarly, in the other SW formulations containing 
SMI extracts, the final concentrations (after mixing with spermatozoa) 
+ +2 of the cations were: K in K-free SW - 2.4 mM, Ca in Ca-free SW -
0 75 u d ug+2 . u f SW 2 0 u . mn, an n In ng- ree - . mn. 
No clear trends were observed concerning ion requirements 
for the sperm secondary reaction. Of the three reagents that 
produced acrosome reactions (A23187 and SOS in the presence of 
+2 + +2 Ca and SMI In low K or low Mg ), SOS produced no secondary 
reactions In any of the SW formulations tested, A23187 produced 
+ fewer secondary reactions in the absence of Na , and SMI produced 
a similar proportion of secondary reactions to acrosome reactions 
In both low K+ and low Mg+2 SMI extract in Ca-Mg-free SW 
produced 22% acrosome reactions with no secondary reactions; 
however, considering the rapid deterioration of spermatozoa in 
Ca-Mg-free SW, this lack of secondary reactions may be due to 
a general deterioration of the spermatozoa. In no case was a ~ 
secondary reaction observed before or in the absence of an acrosome 
reaction. 
Since A23187 produced apparently normal acrosome and secondary 
reactions, the ti ming of these events was observed with reactions 
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initiated by this ionophore. Complete protrusion of the acrosomel 
filament occurred within 10 sec after the rupture of the acrosomal 
vesicle, and withdrawl of the flagellum (the secondary reaction) 
started after the protrusion of the filament and required less 
than 15 sec. In several cases, the entire process from rupture 
of the acrosomal vesicle to withdrawl of the flagellum occurred 
In less than 1 min; however, there was usually a longer pause 
between the two events. 
For sperm motility initiation in Limulus, increased intracellular 
Ca+2 and Na+ may be required. With both detergents (SOS and Triton 
X-100) motility was initiated only in the presence of Ca+2 , and 
Nigerlcln initiated motility only in the presence of Na+. However, 
with A23187, low motility was observed in all SW formulations tested, 
with the lowest percentage motility in the absence of either Na+ 
or K+. Also, NH4c1 did not initiate motility. 
Since the detergents, ionophores and NH 4c1 all act by altering 
menbrane permeability or by penetrating through membranes to act 
directly Inside the sperm, only the SMI, EDTA, and EGTA experiments 
provide Information about surface receptors and extracellular ion 
requirements. 
+2 + + 
Decreased levels of Mg , Na , or K all caused 
d ·11 I . . . b SMI d Mg+2 . d f decrease mot1 ty n1t1at1on y , an was require or 
motility Initiation by EDTA. Also, EGTA (10 mM) had to be present 
In a higher concentration than EDTA (1 mM) to produce comparable 
activity. 
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Limulus spermatozoa were quite fragile in Ca-Mg-free SW. 
Following centrifugation (200 xg, 15 min) and resuspension in 
Ca-Mg-free SW, no motility could be initiated by SHI extracts. 
Even with spermatozoa suspended in such SW without centrifugation, 
little or no motility was initiated by SHI at the end of each 
experiment (as indicated by the viability assay indicated in 
Table 1). 
86 
DISCUSSION 
A primary effort in this chapter was to determine the roles 
of cations In the Limulus acrosome reaction. Experiments with the 
I h A23187 d d h C +2 . +3 h onop ore , etergents, an t e a antagonist La , s ow 
h LI 1 . c +2 f h . t at mu us spermatozoa require a or t e acrosome reaction. 
This Is in agreement with numerous reports for other species 
h +2 I . d f ( tat Ca s require or acrosome reactions reviews by Dan, 
1967; Austin, 1975; Epel and Vacquier, 1978). The only reported 
exception being the sand dollar (Clypeaster japonica) which requires 
+2 
Mg Instead (Dan, 1956). In reference to monovalent cations, 
however, unl Ike in sea urchins (Schackmann et al., 1978), starfish 
(Tllney et al., 1978) and ascidians (Lambert and Epel, 1979), no 
acrosome reactions were initiated by Nigericin in Limulus spermatozoa. 
Also, although acrosome reactions in sea urchins (Decker et al., 1976; 
Collins and Epel, 1977) and ascidians (Lambert and Epel, 1979) can 
be Initiated by Increasing extracellular pH, no such response was 
observed In Llmulus when extracellular pH was adjusted to similar 
levels (9.0-10.4) by adding NaOH to ASW. Therefore, monovalent 
cations do not seem to play as great a role in acrosome reaction 
Initiation In Llmulus as in other invertebrates. 
+ A totally unexpected finding in Li mulus was that low K or 
low Mg+2 caused Initiation of the acrosome reaction by SMI. One 
mechanism that would explain this phenomenon would have : 1) the 
acrosome reaction and sperm motility activation systems segregated 
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into different compartments in the spermatozoa, and 2) a common 
+2 
component {eg, Ca or some other second messenger) involved in the 
activation sequences of both systems. Possibly the acrosome reaction 
initiating system is enclosed in the acrosomal vesicle or confined 
to the anterior part of the sperm head, and the motility system is 
segregated in the tall and posterior part of the sperm head. Then 
low K+ or low Mg+2 might cause a breakdown of this barrier, allowing 
the factor(s} activated by SMI to, in turn, activate the acrosome 
reaction. Supporting evidence for such compartmentalization come§ from 
the detergent experiments, in which SOS produces both motility and 
the acrosome reaction, while Triton X-100 initiates only motility. 
The postulated barrier around the acrosome reaction system is apparently 
more resistant to Triton X-100 than is the barrier to the motility 
system. An alternate explanation, employing a common component 
+ but no compartmentalization, might be that normal levels of K or 
+2 Mg Inhibit the acrosome reaction pathway but not the motility pathway. 
The detergent experiments would be explained by Triton X-100 selec-
tlvely inactivating the acrosome reaction system. Spermatozoa of 
other species also show acrosomal responses to low levels of mono-
valent cations. In ascidians, Na-free SW causes the acrosome reaction-
like process to occur spontaneousl y (Lambert and Epel, 1979), and 
boar spermatozoa show an enhanced response to the ionophore, val ino-
1 I h b Of K+ . myc n, n t e a sence 
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Some observations concerning timing of the acrosome reaction 
and secondary reaction in Limulus reveal that the active protrusion 
of the filament lasts <10 sec (which agrees with Tilney, 1975), and 
the withdrawing of the flagellum into the head starts after 
the filament is protruded and lasts <15 sec. The entire process 
from initiation of the acrosome reaction to ending of the secondary 
reaction can occur in <1 min, but normally a time lapse occurs 
between the two reactions. As indicated before, the significance 
of the secondary reaction has not been established; though, conceiv-
ably, components of the flagellum could be reutilized to transport 
the nucleus through the thick vitelline envelope that surrounds 
the egg. 
For sperm motility initiation, deletion of no one ion prevented 
motll lty initiation by all reagents; however, the detergent experiments 
indicated intracellular Ca+2 may be required for motility (as well as 
the acrosome reaction) In Limulus thus agreeing with the reported 
role of Ca+2 in bovine and guinea pig spermatozoa (Babcotk et al., 
1976, 1978; Singh and Babcock, 1978) but disagreeing with results 
with human spermatozoa (Peterson and Freund, 1976). However, utilizing 
A23187, similar motility was produced in the presence or absence of 
Ca+2 . and A23187 plus La+3 produced greater motility than A23187 alone. 
Results from Nigericin, A23187 and SMI all indicate that Na+ plays 
a role In motility initiation, and the A23187 experiments indicate 
K+ may be Involve. Since 10-50 mM NH 4c1 produced no motility (10 mM 
produced motility in sea urchin spermatozoa, Nishioka and Cross, 
1978), and high pH Initiated little motility (a maximum of 5% at 
pH 8.5, Chapter 1), intracellular alkalinization doesn't seem to be 
Involved. Therefore, Na+ is apparently not being exchanged for H+ 
to Initiate sperm motility as in sea urchins (Nishioka and Cross, 1978). 
In solution, NH 4c1 is proposed to dissociate to form NH3, which then 
diffuses through cell membranes and ties up intracellular H+ ions, 
causing a collapse in the pH differential across the plasma membrane 
(Pollard et al., 1979); which apparently produces an increased intra-
cellular pH causing activation of sea urchin eggs (Shen and 
Steinhardt, 1978) and motility initiatibn in sea urchin spermatozoa 
(Nishioka and Cross, 1978). 
In conclusion, results presented here indicate Na+ is involved 
I i 1 ' . . . . . L. 1 C +2 d/ K+ b ' 1 d n sperm mot 1ty 1n1t1at1on 1n 1mu us; a an or may e 1nvo ve ; 
and increased Intracellular pH is probably not involved. However, 
further work will be required to clarify the roles of these ions. 
d 1 • . 1 . ·1 f u +2 + SHI extracts produce ess than maximum mot1 1ty ng , Na , 
+ or K was present in low concentrations (4.1, 3.8 and 27%, respectively, 
of their normal ASW concentrations). With low Hg+Z or low K+, at 
least part of this motility decrease was due to spermatozoa lnrnediately 
1 . h + + d' undergoing acrosome reactions. A so, since t e Na -K gra 1ent 
across the plasma membranes of most animal cells is controlled by a 
+2 + + Hg -dependent Na -K pump (Stryer, 1975), decreased levels of these 
Ions could alter intracellular homeostasis in Limulus spermatozoa, 
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leading to a decreased response to SMI. One would expect such stress 
to worsen with time; however, spermatozoa stored in Mg-free, Na-free, 
or K-f ree SW for 2 hrs showed the same response to SMI as spermatozoa 
exposed to these SW's less than 30 min. + Therefore, since Na was the 
one ion found to be important to motility initiation by both the 
lonophores and SMI, motility initiation by SMI probably involves 
+ an Influx of Na . 
Previous results had indicated that, paradoxically, Limulus 
spermatozoa can have motility initiated by several divalent cations 
(Chapter 2) and by EDTA (Mowbray and Brown, 1974). Results here 
Indicate EDTA has a maximum response at a concentration of 1 mM, 
and Mg+2 is required for its action. Since: 1) Ca-free SW (by itself) 
does not Initiate motility, 2) EGTA has a maximum effect at a higher 
concentration than EDTA, and 3) 1 mM is optimal for EDTA in both 
ASW and Ca-free SW, EDTA does not appear to act by removing some form 
of Ca+2 inhibition. Therefore, since no other divalent cations are 
+2 present In these SW formulations, possi~ly a Mg -EDTA complex ls 
Interacting with SMI receptors to activate motility. In that case, 
Mg+2-EDTA may have some structural characteristics similar to SHI. 
This study indicates that for the acrosome reaction In Llmulus, 
+2 +2 + + Ca (but not Mg , Na , or K) is required; for sperm motility 
+ +2 Initiation, Na (and maybe Ca ) Is required; and neither process 
seems to require increased Intracellular pH. Both sperm motility 
and acrosome reaction Initiation may utilize a comnon intracellular 
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factor (eg, Ca+2) in their initiation sequences, and SMI may have 
some structural characteristics similar to Mg+2-EDTA. 
Future studies will examine the roles of ions and cyclic nucleo-
tides in sperm motility initiation (utilizing purified SMI) and in 
the acrosome reaction (using either extracted acrosome reaction 
Initiating factors from the egg or isolated vitelline envelopes). 
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CHAPTER 4. CORTICAL REACTION IN INSEMINATED EGGS 
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INTRODUCTION 
Although the egg cortical reaction has been described in 
numerous species, the sea urchin eggs have remained the best 
material where large quantities are needed for studying the 
mechanisms of this reaction. However, in this paper and others in 
preparation, the Limulus egg is also demonstrated as ideal material 
for such studies, mainly since the eggs are relatively large 
(approximately 1.9 mm in diameter), gametes are available year 
around in large quantities (Brown, 1976), and the cortical reaction 
is easily observed with a dissecting microscope. In light of a 
comparative or phylogenetic approach the arthropod egg has received 
little attention in studies on the cortical reaction (Clark and 
Lynn, 1977). Since most arthropod representatives have internal 
or highly modified external fertilization, great technical 
difficulties exist in studying the egg cortical reaction (few 
gametes, terrestrial conditions, time of insemination, opaque egg 
envelopes). 
In the present study, the objective is to describe the surface 
events occurring during the egg cortical reaction in Limulus and 
to stage these events in respect to duration of each event and the 
morphological changes. A second study (Bannon and Brown, 1979) is 
concerned with the cortical vesicles and their roles during the 
cortical reaction. 
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MATERIALS AND METHODS 
Source of Animals 
Specimens of Limulus polyphemus L. were obtained from Florida 
Marine Biological Specimen Co., Inc., Panama City, Florida. 
Animals were maintained at 15°C in 150-gallon Instant Ocean Aquaria 
containing Instant Ocean Artificial sea water (ASW) obtained from 
Aquarium Systems, Inc., Eastlake, Ohio and were exposed to a light 
cycle of approximately 14-10 LO. Approximately 17 females and 
6 males were used in this study. 
Gamete Collection and Insemination 
Gametes were collected by brief electrical stimulation (1-1.SV, 
1.5-2.SA, ac) of the gonoducts proximal to the genital pores. Semen 
was diluted with ASW to produce a 10% sperm suspension (109 sperm-
atozoa/ml) which was generally used immediately but occasionally 
was stored at 5°C for several hours before using. Approximately 
15-20 eggs were spawned and transferred with wooden applicators to 
a 10 cm plastic petri dish containing 35 ml of ASW. The dish was 
gently swirled, one or two drops of the sperm suspension was added, 
and the dish was again gently swirled to ensure insemination. This 
procedure was followed for each set of observations. 
Events of the Cortical Reaction 
With a dissecting microscope, inseminated eggs were observed 
at 5 min intervals at 18.S°C until the cortical reaction was completed. 
The structural changes in the cortex of the inseminated eggs were 
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recorded, and when an obvious structural change had occurred, a 
new 11event11 was designated. 
Scanning Electron Microscopy 
When a desired event was reached, an aliqu~t of inseminated 
eggs was placed into a 2.5% glutaraldehyde solution (cacodylate 
buffer, o0 c). Immediately a small break was made in each egg 
envelope by pinching with watchmaker forceps to allow rapid 
fixative penetration. After 10-20 min of fixation, each egg 
envelope was removed mechanically with forceps. The inseminated 
eggs were fixed for 12-24 hr (overnight), washed, postfixed in 
Oso4 for 2 hr and then stored in ddH 20 for 1-5 days. Specimens 
were then dehydrated In ethanol and cleared into Freon 113 In which 
the critical point technique was applied using liquid carbon dioxide. 
Unlnsemlnated eggs were prepared in a like manner. Specimens were 
mounted on stubs with silver paint, carbon and gold coated, and 
examined on a JEOL JSM-35 scanning electron microscope. 
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RESULTS 
Events of the Cortical Reaction 
The egg cortical reaction in Limulus is described beginning 
with the uninseminated egg and followed by examining the appearance 
and growth, coalescence, and eventual disappearance of pits in 
the cortex of the inseminated egg. Since the egg envelope is 
transparent, events of the cortical reaction can be easily observed 
with a dissecting microscope. The four major "events" are 
described for a cortical reaction occurring at 18.5°C in 100% 
ASW and lasting 90 min. The events were first established 
from light microscopical observations and then supported and more 
thoroughly examined by SEM observations. Following these 
descriptions are results showing the variations which occur 
during the cortical reaction between egg batches obtained from 
different females. 
Event I, uninseminated egg-smooth surface Due to oviductal 
packing, freshly spawned eggs frequently exhibit one or more 
indentations on the surface (Fig. la). The vitellus when observed 
with a dissecting microscope appears to have smooth surface. 
Since the egg envelope was difficult to remove without destroying 
the egg, no SEM of the whole vitellus was possible to obtain. 
However, small pieces of the egg envelope could be pinched off 
by using watchmaker forceps. In Fig. 2 an example of such treatment 
is demonstrated. The egg envelope is readily observed (Fig. 2a) 
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Fig. 1. Cortical reaction in Limulus polyphemus inseminated 
egg at 18.5°c in 100% sea water: a. Event I, unsemlnated 
egg-smooth surface; b-c. Event I I, inseminated egg-
appearance and growth of pits; d-g. Event I I I, inseminated 
egg-coalescing of pits; h. Event IV, inseminated egg-
appearance of smooth surface. 
a. Although this particular egg was photographed 4 min 
after insemination, no structural differences are 
observed at this magnification. The surface of the 
vitellus has a smooth appearance and no unique 
surface structures are observed. The indentations 
noted in the whole egg are caused by the packing 
of eggs in the oviduct. The transparent egg envelope 
is observed at the edges. X22. 
b. 20 min after insemination. The pits in the cortex 
are obvious and are increasing in size. The 
distribution of these pits is quite uniform and 
the diameters are fairly constant. Pits in this 
inseminated egg are present at 10-15 min, but were 
difficult to record photographically. X22. 
c. 25 min after insemination. Pits are approaching 
maximum diameter before coalescing occurs. Pit 
size has approximately doubled when compared 
to Fig. lb. Also pits are more numerous. X22. 
d. 35 min after insemination. As pits continue to 
increase in size, an overlapping or coalescing occurs 
with adjacent pits. Numerous pits are observed in an 
oblong shape which represents two or more pits 
coalescing. X22. 
e. 45 min after insemination. As coalescing continues, 
large crater-like structures appear. X22. 
f. 55 min after insemination. Extensive coalescing 
has lead to obvious crater-like structures separated 
by ridges. X22. 
g. 70 min after insemination. By this time, the surface 
of the inseminated egg is beginning to become smooth, 
although presently has a lumpy appearance. X22. 
h. 90 min after insemination. The surface of the 
inseminated egg again has a smooth appearance, 
which remains thus until approximately 3 hr after 
insemination when a granular appearance occurs. X22. 
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Fig. 2. Event I, uninseminated egg-smooth surface. 
a. Since in uninseminated eggs the egg envelope is 
difficult to remove without disrupting the vitellus, 
this micrograph demonstrates a place where the egg 
envelope (EE) has been partially removed by watch-
makers forceps and the surface of the vitellus 
is exposed. Note the absence of pits or ridges on 
the vitellus. X 520. 
b. Higher magnification of Fig. 2a demonstrating numerous 
microvill i covering the surface of the vitellus, 
but no features representing ridges or pits as 
seen in later events. X 3090. 
c. The microvill i are very numerous, extensively packed, 
and have an approximate diameter of 0. 1 µm, Compare 
with Fig. Sd. X 12,100. 
105 
106 
and the surface of the vitellus is observed to consist of a heavy 
mat of microvilli (Figs. 2b and 2c) . No other structure is 
obvious on the vitellus and the surface topography is similar 
on the several eggs which were examined. 
Event I I, inseminated egg-appearance and growth of pits Pits 
become obvious approximately 10 min after insemination and gradually 
increase in size for the next 15-20 min until a coalescing of 
pits occurs. These pits (Figs. lb, le, and 3) are definitely 
depressions and are more or less distributed randomly over the 
entire inseminated egg surface. With SEM, the pits seem homologous 
in appearance while the interpit regions consist of numerous 
randomly aligned ridges interspersed with irregularly shaped 
grooves (Figs. 3a and 3b). Microvilli are coating the entire 
surface of the inseminated egg (Figs. 3b, 3c, and 3d). 
The pits are hemispherical and are approximately 45-80 µm in 
diameter. The edges are somewhat irregular (Fig. 3b), but the pit 
floors are amazingly even with no ridqes present (Fig. 3b). The 
ridges in the interpit region are uplifted areas and microvilli are 
observed attached to the plasma membrane (Fig. 3d). Microvilli 
in the pit or interpit region have the same basic structure. The 
inseminated egg surface gives an overall appearance of having a 
highly convoluted interpit area interspersed with well-formed pits. 
Event II I, inseminated egg-coalescing of pits Starting 
appro imately 25 min after insemination the continuing enlargement 
Fig. 3. Event I I, inseminated egg-appearance and growth of pits. 
a. 20 min after insemination. The pits have probably 
reached a maximum size before extensive coalescing 
would occur. The pits and the numerous ridges in 
the interpit region are quite obvious. X 64. 
b. In the first of a series of higher magnification, 
the surface is observed to contain true pits and 
numerous irregular ridges. The floor of the pits 
contain no ridges. X 300. 
c. Higher magnification of the pit rim reveals a ridge 
of microvilli surrounded by other ridges moving 
into it. The microvilli are found over the entire 
surface including the basin of the pits. X 1250. 
d. The microvill i are observed attached to the plasma 
membrane (arrows). X 3650. 
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of the pits causes overlapping of the edges giving the appearance 
of coalescing (Figs. ld and 4a). These coalescing pits develop 
into crater-like structures (Figs. le, lf, and 4c). The surface 
is literally coated with pits and the interpit region (now smaller 
in area) is abundant with small irregularly-shaped grooves. In 
the basin of each pit, ridges are now observed (Fig. 4b). As 
the crater-1 ike structures develop (Fig. 4c) and the smoothing 
starts, the ridges become less prominent. By 70 min after 
insemination, a lumpy appearance is present (Fig. lg) and the 
crater-like structures are no longer observed. Microvilli as 
before are present over the entire surface. Coating material 
is frequently found on the surface and is difficult to remove 
during preparation. 
Event IV, inseminated egg-appearance of smooth surface By 
90 min, the inseminated egg once again has a smooth appearance 
(Figs. lh and Sa). SEM demonstrates microvilli which are now 
larger in length and width than those observed in earlier stages 
(Fig. Sb). Also, with several speci mens a coating material was 
demonstrated (Fig. Sc). 
Fig. 4. Event I I I, inseminated egg-coalescing of pits. 
a. 35 min after insemination. The presence of numerous 
enlarging pits coalescing into one another and 
beginning the formation of large crater-like structures. 
x 65. 
b. The pits are not only coalescing, but noticeable 
ridges are developing in the basins of each pit. X 300. 
c. 60 min after insemination. As coalescent continues 
and the crater-like structures form, the surface 
becomes smoother. In this inseminated egg, the 
craters were present when viewed with the light 
microscope and compared favorably with Fig. lf. 
However, after removal of the egg envelope during 
preparation for SEM, the crater-like structures 
disappeared. Although the heavy ridges as observed 
in Fig. lf cannot be seen, the original position 
of many pits are present. X 65. 
---------------------------- ----- --
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Fig. 5. Event IV, inseminated egg-appearance of smooth surface. 
a. 60 min (23°C) after insemination. The whole inseminated 
egg showing a smooth surface. No evidence of pits. 
The ridge-like structures observed are coating 
material also seen in Fig. Sc. This event was very 
difficult to prepare properly, thus the artifacts 
present in this micrograph. X 59. 
b. Higher magnification of another inseminated egg 
shows numerous microvill i and a resemblance of 
ridges. X 500. 
c. Coating materials were frequently found on the later 
events and create difficulty in preparing clean 
specimens. On the other hand, this coating material 
probably is representing the beginning of the 
embryonic shell which is functional at two weeks. 
x 500. 
d. Microvilli have nearly doubled in diameter since 
the egg was observed before insemination. Compare 
with Fig. 2c. X 12,100. 
------~--------------- --- ---- - ----
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DISCUSSION 
The cortical reaction in the Limulus egg is described 
as occurring in four events which are based on the appearance 
and disappearance of morphological structures (pits) occurring 
in the cortex after insemination of the egg. Since these 
events are easily observed with a dissecting microscope and are 
consistent in their features, the Limulus egg is an excellent 
model for examining egg activation. The present study is 
therefore designed to describe adequately these events so 
future studies can pursue more dramatic aspects such as their 
initiation, inhibition, and variations. 
Numerous studies have demonstrated cortical reactions in 
other species and practically all have reported a cortical 
reaction occurring as rapidly as 1-5 min after insemination with 
optimal conditions. For example, in sea urchins, the reaction is 
completed in 1 min (Anderson, 1968; Epel, 1978); in the teleost, 
Oryzias, 5 min (lwamatsu and Keino, 1978); in the frog, Xenopus, 
5 min (Wolf, 1974); and in the shrimp, Peneus, possibly 1 min 
(Clark and Lynn, 1977). In Limulus, the cortical reaction is 
considerably longer averaging approximately 60 min or more under 
opti mal conditions. Some similarity is found with the Nereis egg 
cortical reaction where 15-20 min is required before the cortical 
al eoli have completely fused with the plasma membrane and the 
urf ce has become smooth (Fallon and Austin, 1967). In marrrnals, 
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a long duration has also been observed ranging from 15-60 min 
in mouse and hamster eggs (Nicosia et al., 1977; Fukuda and 
Chang, 1978). However, in Limulus, this reaction is not only 
considerably easier to observe, but also molecular events occurring 
over the longer period of time can be more readily identified than 
in the rapid reactions. 
Studies on the egg cortical reaction have been examined 
by SEM in at least three other species: sea urchin (Eddy and 
Shapiro, 1976); shrimp (Clark and Lynn, 1977); and a teleosts 
(lwamatsu and Keino, 1978; Hart et al., 1977). In all cases, 
depression-like areas are present in the egg cortex shortly after 
insemination. Also, exocytosis is obvious for these four species 
since gel-like substances appear on the inseminated egg surface. 
In all cases, a smooth appearing surface is eventually observed. 
Thus, the Limulus cortical reaction as viewed with the SEM compares 
favorably with these other species. 
In the Limulus cortical reaction, the microvilli are very 
numerous and are found in all the events of the cortical reaction. 
Between the uninseminated egg and the completion of the cortical 
reaction (Event IV), the microvill i gradually increase in length 
and diameter until reaching a size approximately twice as large. 
A similar aspect occurs in the sea urchin egg after insemination. 
In fact, two separate periods of elongation exist for the microvilli 
in sea urchins (Schroeder, 1978). The role of this mlcrovilli 
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enlargement in Limulus is presently elusive, but may be involved 
in the synthesis or secretion of material for polyspermy 
prevention and embryonic shell formation. 
Coating material was found in the perivitelline space or 
on the surfaces of the inseminated eggs in the later cortical 
reaction events. This cortical material is believed to be derived 
by exocytosis from the egg cortex by means of the pits and 
to play a role in the initial formation of the embryonic shell 
which is so important in the later stages of embryonic development. 
A second paper (Bannon and Brown, 1979), involving TEM 
examines the role of cortical vesicles and the reasons for 
the long duration of the cortical reaction. Also, these authors 
initiate an approach for determining a mechanism for the Limulus 
cortical reaction. 
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SUMMARY-DISCUSSION 
This dissertation research investigated three events in Limulus 
fertilization: sperm mot II ity initiation, acrosome reaction 
initiation, and morphological changes that occur during the egg 
cortical reaction. As discussed previously, several characteristics 
of fertilization In Limulus make this an excellent model system for 
examination of fertilization mechanisms. 
Llmulus spermatozoa are nonmotile when spawned and become 
motile only after encountering a sperm motility initiating factor 
(SMI) exuded by the egg. SMI extracts (produced by washing intact 
eggs with distilled water, lyophllizing the supernatant to dryness 
and redissolving the dried extract in artificial sea water, ASW) 
initiate sperm motility in the absence of eggs. Util izlng such 
SMI extracts, sperm motility initiation was found to be unaffected by 
changes In temperature from l6-30°c, pH from 6.3-8.6, and salinity 
from 85-125% ASW. Within these ranges, sperm motility initiation 
was an 11aH-or-nothing 11 response, with greater than 99% of the sperm-
atozoa becoming motile. Also, each sperm swam with apparently the 
same speed (at a given temperature) until spontaneously stopping 
within 10 min after addition of SMI extracts. Some characteristics 
of sperm motll lty Initiation were examined by varying concentrations 
of SMI extracts. Evidence was found that SHI binds irreversibly 
to a receptor, which Is Inactivated within a few seconds or minutes 
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leading to the observed cessation of motility.!..!!. vitro. Observations 
of sperm behavior near intact eggs showed no evidence 6f chemotaxis. 
Spermatozoa observed to swim toward intact eggs progressed with a 
uniform speed and were motile less than 5 sec from initiation of 
motility until attaching to the egg. The simplicity of the motility 
assay system herein described, the presence of an ·~1J-or-nothing 11 
response to SMI, the independence of sperm motility to experimental 
parameters, and several other characteristics of the animal and 
its spermatozoa, make Limulus an excellent model animal for examination 
of sperm motility control mechanisms. 
Analysis of egg extracts high in SMI activity revealed that SMI 
Is heat stable (withstands boiling to dryness), passes through 
dialysis membranes, and is retained by G-10 Sephadex (Indicating 
a molecular weight of Jess than 700). X-ray fluorescence spectroscopy 
(only elements with atomic weights of 35 or above can be detected 
by this method) of SMl-rich G-10 Sephadex fractions semiquantitatively 
revealed the following elements in descending amounts: K, Cl, Br, 
Ca, Cu, and Ni. These elements were assayed Individually for their 
effect on sperm motil lty in the absence of eggs. The divalent 
cations, Ca+2 , Cu+2 , and Ni+2 initiated sperm motility, Cl and Br 
ff + b" d ·1· . . . . b c +2 c +2 had no e ect, and K inhi 1te mot1 1ty 1n1t1at1on y a , u , 
and Nl+2 . The only divalent cation below the atomic weight detection 
I 1mlts for X-ray fluorescence analysis, Mg+2, also Initiated sperm 
motility, which was also inhibited by K+. Quantitative analysis 
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by atomic absorption spectroscopy of the inorganic cations in SMI 
extracts showed only K, Cu, and Ni in quantities significantly 
higher than the concentrations of these ions in ASW. However, the 
two divalent cations were not present in high enough concentrations 
to account for the observed SMI activity, and since an increased 
K concentration was present when sperm motility was initiated by 
SMI, K must not normally be an inhibitor. Therefore, if inorganic 
cations are involved in normal sperm motility initiation in Limulus, 
they are acting in conjunction with some other low molecular weight 
factor. 
The first two chapters examined some characteristics of: 
1) the sperm motility response, 2) the sperm motility initiating 
factor (SMI), and 3) the effects of several extracellular ions on 
sperm motility. In contrast, Chapter 3 emphasized intracellular 
Ion Involvement in the sperm acrosome reaction and motility, where 
lonophores and detergents were utilized to increase the permeability 
of sperm ment>ranes. This study indicated that for the acrosome 
+2 +2 + + reaction, Ca (but not Mg , Na , or K) is required; while for 
sperm motility initiation, Na+ (and maybe Ca+2) is required. 
Util lzlng NH 4c1 and ASW adjusted to high pH 1 s, results indicated 
Increased Intracellular pH is probably not involved in either 
the acrosome reaction or sperm motility initiation (unlike results 
reported for echinoderms and ascidians). Unexpectedly, SMI in the 
presence of low K+ or low Mg+2 initiated the acrosome reaction; 
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this result plus the differing effects of ionic and non-ionic detergents, 
indicates motility and acrosome reaction initiation pathways may 
share a common intracellular factor (e.g., Ca+2). 
Utilizing light- and scanning-electron microscopy, the events 
of the egg cortical reaction were examined. Previously, these 
events had been difficult to stage properly and the fixation and 
preparation were hindered by a thick transparent egg envelope. With 
artificial methods for fertilization, staging has become routined 
and successful observations have been made. Approximately 5-10 
min after Insemination, small 11 pits 11 appear in the cortical region 
of the fertilized egg surface. These pits progressively enlarge, 
eventually coalesce, and finally totally disappear leaving a smooth 
surface. By examining these events, the steps of the cortical 
reaction can be outlined into four parts based on the pits: 1) 
unfertilized egg, 2) appearance and growth, 3) coalescence, and 
4) smoothing of surface. By fixing staged embryos in 2% glutar-
aldehyde and delicately removing the thick egg envelope with forceps, 
SEM studies demonstrate the characteristics of t he pits and their 
sequential development. Numerous microvilli are found in these 
pits and over the entire egg surface. These microvilli are also 
found on unfertilized eggs and on fertilized eggs after the disappear-
ance of pits. During their development, coalescence, and disappear-
ance, a layer appears between t he fertilized egg and t he egg 
123 
envelooe and r 0 prP.sents the beginnino of the embryonic shell which 
protects th~ embryo in later stages. 
The studies reported in this dissertation (especially the 
sperm motility parts) indicate Limulus has great potential as a 
model animal for examining mechanisms of sperm-egg interactions. 
In future investigations, SMI will be purified and utilized to 
examine the pathway of sperm m©tility initiation in Limulus. 
Initially, the roles of ions and cyclic nucleotides will be 
examined. A continuation of this 1 ine of research may help determine 
the entire sequence of motility initiation events in Limulus, and 
more importantly in higher animals. Then, if this pathway has 
unique components, and if blocks to these specific components can 
be developed, then birth control without unwanted side effects 
may be attained. 
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